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Abstract 
During development, the brain establishes billions of precise connections in order to 
perform its myriad functions. The largest of these connections in placental mammals is the 
corpus callosum, which is a large bundle of axons linking the two cortical hemispheres of 
the brain. Absence or gross malformation of this structure is a relatively common 
developmental disorder in humans, producing symptoms ranging from severe to mild 
cognitive, emotional and motor deficits. However, recent evidence suggests that the 
corpus callosum can also display subtle malformations that are not visible with traditional 
magnetic resonance imaging methods, and that these may be involved in 
neurodevelopmental disorders such as autism and schizophrenia. The possibility of 
callosal misconnectivity arising independently of the widely-studied process of midline 
crossing highlights the need to investigate other less well-understood stages of callosal 
development. One such process that may be disrupted after normal midline crossing of the 
corpus callosum is contralateral targeting, where axons must locate, innervate and 
stabilize in their appropriate contralateral cortical targets. 
This thesis focuses on understanding the normal process of contralateral targeting, 
as well as the nature of its dependence on neuronal activity and the molecular 
mechanisms that regulate it. To investigate these topics, diverse approaches including in 
utero electroporation, stereotaxic brain injection, sensory deprivation paradigms, tissue-
specific RNA extraction and RNA sequencing were used in the mouse somatosensory 
cortex model system of callosal connectivity. Novel patterns and processes of normal 
contralateral targeting were identified, as well as distinct periods of region-specific activity-
dependent and –independent axonal exuberance. Contralateral callosal targeting was also 
shown to be not just dependent on neuronal activity, but rather a balance of spatially 
symmetric activity between the two cortical hemispheres. The molecular mechanisms 
underlying activity-dependent and –independent stages of contralateral callosal targeting 
were also investigated, and a novel technique to extract RNA from an electroporated 
population of cell bodies and/or their callosal axons was developed to facilitate this study 
in the future.  
These results constitute fundamental insights into the process of contralateral 
callosal targeting, as well as some of the mechanisms that may lead to its disruption. This 
work provides solid foundations for future studies to build upon, and may ultimately help us 
to better understand subtle human disorders of neuronal connectivity. 
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Rbfox1 RNA binding protein, fox-1 homolog (C. elegans) 1 
Reln  Reelin 
Rgma  Repulsive guidance molecule family member A 
RNAseq Ribonucleic acid sequencing 
Robo  Roundabout guidance receptor 
ROI  Region of interest 
Rtn4rl1 Reticulon 4 receptor-like 1 
Ryk  Receptor-like tyrosine kinase 
S1  Primary somatosensory cortex 
S2  Secondary somatosensory cortex 
Satb2  Special AT-rich sequence binding protein 2  
SDS  Sodium dodecyl sulphate 
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SEM  Standard error of the mean 
Sema  Semaphorin 
ShRNA Short hairpin ribonucleic acid 
Sil1  Endoplasmic reticulum chaperone SIL1 homolog (S. cerevisiae) 
Slit  Slit homolog 
Snap  Synaptosome associated protein 
SNARE Snap receptor 
SSC  Standard saline citrate buffer 
TRAP  Translating ribosome affinity purification 
tRNA  Transfer ribonucleic acid 
Trk  Tropomyosin receptor kinase (also known as Ntrk: Neurotrophic tyrosine  
  kinase receptor) 
Tubb2b Tubulin beta 2B class IIB 
V1  Primary visual cortex 
V2  Secondary visual cortex 
Vamp  Vesicle–associated membrane protein (Vamp2 also known as Syb2) 
vGlut2  Vesicular glutamate transporter 2 (also known as Slc17a6: solute carrier  
  family 17 (sodium-dependent inorganic phosphate cotransporter), member 6) 
WB  Western blot 
Wnt  Wingless related MMTV integration site  
YFP  Yellow fluorescent protein 
Zdhhc8 Zinc finger, DHHC domain containing 8 
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Overview 
 
 For the adult brain to function correctly, a spatially and temporally precise sequence 
of connections must be formed during development. The largest of these connections in 
the human brain is the corpus callosum, which is required for myriad cognitive, 
sensorimotor and emotional processes. Axons that comprise the corpus callosum connect 
the two cortical hemispheres together, and coalesce at the midline into a large bundle that 
is easily observed by magnetic resonance imaging (MRI). The formation of the corpus 
callosum has therefore been well studied at the midline, however, recent technical 
advances have made it possible to study other less well-understood aspects of callosal 
development. 
 One such understudied aspect of callosal development is its final stage, where 
axons innervate, branch and stabilise at their contralateral targets. Errors in these steps 
can prevent the normal formation of circuits and are thought to be involved in numerous 
human neurodevelopmental disorders. Contralateral callosal targeting occurs over a wide 
period, including early postnatal stages, and may therefore be under the influence of 
environmental factors. Indeed, one of the major findings in this area has been that the 
formation of contralateral projections of the corpus callosum is dependent on sensory 
input. However, the precise sequence of events, as well as the mechanisms underlying 
contralateral callosal targeting have remained long-standing questions in the field of 
neuroscience. 
 In order to provide a basis to better understand this process, the following chapter 
reviews our current knowledge of callosal development in health and disease, including 
the process of contralateral targeting and the mechanisms that are currently thought to 
regulate formation of appropriate interhemispheric circuits.  
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1.1  The corpus callosum and its malformations 
 
1.1.1 Callosal function 
 The formation of precise connections between the two hemispheres of the brain is 
essential for many aspects of coordinated neural function (Aboitiz and Montiel, 2003; Paul, 
2011). In eutherian mammals, the two cerebral hemispheres are predominantly 
interconnected by the anterior commissure, which connects subpallial, olfactory and 
temporal cortices; the hippocampal commissure, which connects the hippocampi and 
entorhinal cortices; and the corpus callosum, which connects isocortical and cingulate 
structures (Suárez et al., 2014a). Of these tracts, the corpus callosum has emerged and 
expanded dramatically in eutherian mammals and is the largest fibre tract in the human 
brain, containing approximately 190 million axons (Tomasch, 1954). Callosally-projecting 
cells are long-range projection neurons situated in cortical layer (L)2/3 (80%) and L5 (20%) 
(Fame et al., 2011), that form contralateral synapses with pyramidal neurons and 
interneurons (Petreanu et al., 2007), collectively facilitating both excitatory and  inhibitory 
influences over interhemispheric communication (Bloom and Hynd, 2005).  
 Much of our understanding of callosal function in humans has come from studies of 
patients who received surgical severance of the corpus callosum (callosotomy) to treat 
intractable epilepsy (Sperry, 1968; Gazzaniga, 2000). Adults who undergo callosotomy 
commonly display a disconnection syndrome, known as split-brain syndrome, where motor 
and sensory functions fail to be coordinated or transferred appropriately between the two 
hemispheres, resulting in afflictions such as alien hand syndrome (Asadi-Pooya et al., 
2008). Insight into the plasticity of interhemispheric connectivity has been gained from 
comparisons of adult split-brain patients with those who have a developmental absence 
(agenesis) of the corpus callosum. Acallosal individuals, as well as people who received a 
callosotomy as young children, although still symptomatic, generally have better cognitive 
outcomes than adult split-brain patients, and do not usually display a disconnection 
syndrome (Lassonde et al., 1991; Paul et al., 2007). People with agenesis of the corpus 
callosum have a wide range of impairments, possibly due to the sporadicity of 
developmental plasticity, and/or commonly associated concurrent brain defects, such as 
polymicrogyria, pachygyria and heterotopia, as well as malformations affecting other 
organs, resulting in a variety of syndromes (for reviews see Paul et al., 2007; Edwards et 
al., 2014). Nevertheless, complete agenesis of the corpus callosum is commonly 
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associated with severe-to-mild intellectual disability and behavioural problems, including 
deficits in higher-order cognition such as language, as well as difficulty with social skills, 
often leading to a diagnosis of autism. These and other studies in animals cumulatively 
indicate that the normally-developed corpus callosum is functionally involved in numerous 
basic functions such as sleep, binocularity, motor and sensory coordination and 
interhemispheric transfer of learning, as well as higher order functions in humans such as 
language, cognitive processing speed, short term memory, social and emotional 
processing, and complex and abstract reasoning (Nielsen et al., 1992; Paul et al., 2003; 
Paul et al., 2007; Restani et al., 2009; Paul, 2011). Thus, the diverse functions of the 
corpus callosum, the possibility of developmental plasticity of circuit formation, and its 
postnatal manipulation, are all promising reasons why investigations into callosal 
development may minimise the health burden of acallosal or callosotomised individuals.  
 
1.1.2 Gross callosal malformations and plasticity 
 Gross callosal developmental malformations can occur either in isolation or in 
conjunction with numerous congenital syndromes and neurological defects (Edwards et 
al., 2014) and are routinely examined via structural magnetic resonance imaging (MRI) 
scan. These gross malformations can be caused by failures in numerous aspects of 
callosal development. For instance, failure of midline crossing often results in callosal 
agenesis, which is a congenital brain malformation occurring in 1 in 4000 human live 
births, which includes complete or partial absence of the corpus callosum as well as 
callosal hypoplasia (Hetts et al., 2006; Paul et al., 2007; Edwards et al., 2014). The 
primary aetiology of callosal agenesis is a failure of the midline substrate to fuse (Gobius 
et al., 2016), which causes callosal axons to stall in the ipsilateral hemisphere, commonly 
forming Probst bundles (Probst, 1901; Tovar-Moll et al., 2007; Bénézit et al., 2015). 
Interhemispheric cortical axons that are unable to cross the midline may also reroute 
through alternate commissures to innervate their contralateral targets. Evidence for this 
has come from studies showing that some human patients with callosal agenesis display 
little/no interhemispheric disconnection in neuropsychological tasks (Sperry, 1968; 
Lassonde et al., 1991; Barr and Corballis, 2002, 2003; Barr et al., 2005; Brescian et al., 
2013; Tovar-Moll et al., 2014), as well as an enlarged anterior commissure in some cases 
(Barr and Corballis, 2002, 2003; Hetts et al., 2006). A recent report has also provided 
direct evidence of rerouting of cortical axons through the anterior and posterior 
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commissures that positively correlates with functional interhemispheric connectivity (Tovar-
Moll et al., 2014).  
 The potential for plasticity of callosal formation has also been shown in humans with 
partial callosal agenesis, where individuals showing similarly sized and located callosal 
remnants at the midline can display a wide variety of interhemispheric connectivity (Tovar-
Moll et al., 2007; Wahl et al., 2009)(Figure 1.1). This finding raises the interesting 
possibility that variability in callosal connectivity might occur in people with a grossly 
normal corpus callosum at the midline. Indeed, there is evidence that subtle callosal 
malformations, which may not be identifiable on a structural MRI scan, could be involved in 
numerous neurodevelopmental disorders. These will be discussed in depth in the following 
section. 
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Figure 1.1: Variable contralateral targeting in individuals with partial 
agenesis of the corpus callosum.  
Schematic sagittal brains of examples of a control human participant (A) and three 
participants with partial agenesis of the corpus callosum (B-D), showing the corpus 
callosum in purple. Schematic of corresponding images resulting from diffusion magnetic 
resonance imaging with tractography in horizontal view, showing examples of callosal 
tracts that have been discovered in each case (E-H). Whereas control individuals (A and 
E) have broadly homotopic and consistent callosal projections, individuals with partial 
callosal agenesis can demonstrate severe contralateral mistargeting (blue tracts in H). 
This outcome is highly variable between individuals (compare F-H), even when the callosal 
remnants are of similar size and position at the midline. A: anterior, P: posterior. Adapted 
from (Tovar-Moll et al., 2007; Wahl et al., 2009). 
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1.1.3 Subtle callosal malformations 
 There is a wealth of literature suggesting that subtle defects of the corpus callosum 
are present in many human neurodevelopmental disorders. Neuropsychological, 
transcranial magnetic stimulation and functional MRI (fMRI) studies have demonstrated a 
dysfunction of interhemispheric communication in disorders such as autism (Just et al., 
2007), schizophrenia (Mohr et al., 2000; Hoptman et al., 2012), attention deficit 
hyperactivity disorder (ADHD) (Buchmann et al., 2003), developmental language disorder 
(Fabbro et al., 2002) and dyslexia (Dhar et al., 2010). A large number of studies have also 
shown alterations in the size of the corpus callosum or some of its sub-regions in these 
individuals. However, the extent of callosal malformations is largely obscured by 
differences in cohort selection criteria and/or methodological approaches between studies 
(see meta-analyses summarising these data for autism (Frazier and Hardan, 2009), 
schizophrenia (Arnone et al., 2008), ADHD (Valera et al., 2007), and a review for dyslexia 
(Sun et al., 2010)). Diffusion MRI (dMRI) studies have shown a somewhat more 
consistent, although still variable, decrease in functional anisotropy (FA; a measure of tract 
organisation) of the corpus callosum or its sub-regions in autism (Alexander et al., 2007; 
Travers et al., 2012; Aoki et al., 2013), schizophrenia (Patel et al., 2011), ADHD (Cao et 
al., 2010) and developmental language disorder (Kim et al., 2006). Symptom severity and 
callosal abnormalities are also correlated in a number of these disorders, suggesting that 
callosal defects may predict functional outcome (see examples for autism (Alexander et 
al., 2007; Hardan et al., 2009; Pryweller et al., 2014; Hahamy et al., 2015), schizophrenia 
(Innocenti et al., 2003; Whitford et al., 2010; Nakamura et al., 2012), ADHD (Giedd et al., 
1994) and dyslexia (Odegard et al., 2009)).  
 In summary, numerous neurodevelopmental disorders show subtle changes in 
callosal metrics, including size and organisation, many of which correlate with symptom 
severity. Although it is widely accepted that there are changes in the corpus callosum in 
these neurodevelopmental disorders, the developmental processes and mechanisms that 
underlie them remain elusive. The next section will explore the different stages of callosal 
development in order to understand how and where misregulation might occur in subtle 
callosal disorders. 
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1.2 The development of the corpus callosum 
 
 An understanding of the mechanisms that might contribute to gross and subtle 
callosal malformations can be gained from insight into the normal developmental 
processes that underlie callosal formation. The development of the corpus callosum can 
be broadly categorised into four stages: 1. callosal cell specification and migration, 2. 
callosal axon extension and turning, 3. midline crossing and 4. contralateral innervation, 
arborisation and stabilisation (Gobius and Richards, 2011; Morcom et al., 2016). Each of 
these will be outlined in turn below (illustrated in Figure 1.2 with the last stage split into two 
events). 
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Figure 1.2: Stages of callosal development.  
Diagram illustrating the different stages of callosal targeting, using callosal neurons from 
the L2/3 somatosensory neocortex of a mouse as an example. (A) First, callosal cell 
bodies, born in the ventricular zone from embryonic day (E)12 in the mouse, migrate 
dorsally to their cortical layer, and are specified as callosal projection neurons. (B) Next, 
axons extend and turn medially in the intermediate zone towards the midline (P2). (C) 
Axons then cross the midline and continue to follow the white-matter tract in the 
contralateral hemisphere (P4). (D) Projections turn to innervate the contralateral cortical 
plate (P6) and then (E) arborise and stabilise in their final contralateral locations 
(beginning at P8). These last two stages of innervation, arborisation and stabilisation, will 
be collectively termed here as contralateral callosal targeting. 
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1.2.1 Callosal cell specification and migration 
 As long-range projecting pyramidal neurons of the neocortex, callosal neurons are 
born from radial glial precursor cells in the ventricular zone and undergo radial migration 
dorsally into the overlying cortex. The lamination of the neocortex occurs in an inside-out 
manner, where earlier-born neurons contribute to the deeper layers and later-born neurons 
contribute to the upper layers. This time course results in the majority of L5 neurons being 
born at E13.5 in mice, followed by L2/3 neurons (and the majority of callosal neurons) 
between E15.5 and E17.5 (Molyneaux et al., 2007; Fame et al., 2011; Gobius and 
Richards, 2011).  
 The mechanisms of molecular fate-specification of callosal neurons are under 
ongoing investigation. Several studies have identified a multitude of transcription factors 
and regulatory genes that are specific to callosal neurons, regardless of layer identity, as 
well as layer-specific callosal gene expression. These studies have also revealed that 
callosal neurons form a genetically heterogeneous population, even within a single cortical 
layer (Molyneaux et al., 2009; Molyneaux et al., 2015). However, the precise function of 
these genes in specifying a callosal fate or mediating subsequent gene 
expression/functions that contribute to callosal development, remains to be determined. 
 One gene that has been experimentally demonstrated to specify callosal neurons is 
Special AT-rich sequence-binding protein 2 (Satb2). Satb2 is a transcription factor that is 
expressed in callosal neurons and primarily acts by repressing factors such as Coup-TF 
interacting protein (Ctip)2, which in turn specifies a subcerebrally projecting fate. Absence 
of Satb2 in a mouse model results in callosal agenesis, aberrant lateral projection of 
cortical neurons resulting in an enlargement of the anterior commissure and corticospinal 
tract, as well as misregulation of many downstream genes known to be involved in callosal 
development. Collectively, this indicates that absence of Satb2 causes callosal neurons to 
fate-switch to subcerebrally-projecting neurons in deeper layer neurons, and project 
aberrantly intrahemispherically in upper layers (Alcamo et al., 2008; Britanova et al., 2008; 
Lickiss et al., 2012; Srinivasan et al., 2012; Srivatsa et al., 2014; Leone et al., 2015). Cut-
like homeobox (Cux)2, a transcription factor, was also recently shown to be active in an 
early population of radial glial cells that generate primarily Satb2 positive neurons, 
indicating that this factor may be upstream of Satb2 in callosal fate specification (Franco et 
al., 2012). 
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 It was also recently shown that a transcriptional coregulator, Cbp/P300 interacting 
transactivator with Glu/Asp rich carboxy-terminal domain 2 (Cited2), is responsible in 
progenitor cells for specifying callosal projection neurons of L2/3 broadly, as well as some 
more specific properties of somatosensory cortex callosal neurons. Disruption of Cited2 
signalling results in a smaller corpus callosum and changes in the distribution of 
contralateral projections from the somatosensory cortex (Fame et al., 2016). Similarly, 
Ctip1 is a transcription factor that functions to specify sensory areas. Knockdown of Ctip1 
in callosal neurons results in contralateral targeting defects, indicating that it is necessary 
for area-specific fate-acquisition of callosal cells (Greig et al., 2016).  
 More general systemic phenomena can also affect cell specification of callosal 
neurons. For instance, the temporal control of neurogenesis may influence cortical cell 
fate. It was recently shown that normal callosal specification may depend upon a delay of 
neuronal generation in a population of Empty spiracles homeobox 2 (Emx2)-positive radial 
glial cells (García-Moreno and Molnár, 2015). Interestingly, while a similar population of 
Emx2 expressing cells exists in the avian brain, the heterochronic delay is not present, 
suggesting that this could be a mechanism contributing to the evolutionary expansion of 
L2/3 and the corpus callosum. Finally, neuroendocrine conditions, such as hypothyroidism, 
have been shown to result in altered patterns of callosal projections in rats, likely due to 
changes in neuronal migration that alters the number of L2/3 callosally-projecting neurons. 
However, the molecular mechanism/s underlying this effect remain unclear (Lucio et al., 
1997). 
 
1.2.2 Callosal axon extension and turning 
 During migration towards their appropriate cortical layers, neocortical neurons 
extend axons towards the white matter in the intermediate zone, underlying the cortical 
plate. The axons that will eventually form the corpus callosum then project towards the 
midline (Lickiss et al., 2012). Many of these callosal neurons have dual projections that are 
established simultaneously, ultimately projecting to regions such as the ipsilateral and 
contralateral striatum (Wilson, 1987), premotor cortex, and sensorimotor cortices (Cauller 
et al., 1998; Mitchell and Macklis, 2005). However, it remains unclear how this diversity of 
projection types affects the cues that regulate callosal development. Axon guidance 
factors that appear to regulate callosal axon extension and turning include Semaphorin 
(Sema)/Neuropilin (Nrp) signalling. Sema3A is expressed both in the marginal zone of the 
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cortex, as well as in a high-lateral to low-medial gradient along the neocortex. Neurons 
expressing Nrp1 are repelled by Sema3A expression and thus callosal axons are guided 
ventrally away from the marginal zone and then medially towards the midline (Polleux et 
al., 1998; Zhao et al., 2011).  
 Neurogenin 2 (Neurog2) is a transcription factor that also contributes to the early 
stages of callosal axon guidance. Knockdown of Neurog2 in callosal neurons results in 
predominantly lateral, rather than medial, turning of axons, seemingly independently of 
layer fate specification. It is thus far unclear what the downstream effectors of this process 
are, although it has been proposed that some promising candidates include axon guidance 
genes that are down-regulated in Neurog2 knockout embryos such as Netrins (Ntn), Slit 
homolog (Slit), Semas and Ephrins (Hand and Polleux, 2011).  
 Fasciculation of ingrowing axons with the established white matter tract within the 
intermediate zone is also an important aspect of callosal development. For instance, 
disruption of Nrp1, as well as Neuronal differentiation (Neurod) 2 and 6 signalling results in 
callosal neurons that are able to turn medially but show defasciculation and subsequently 
guidance errors when approaching the midline (Hatanaka et al., 2009; Bormuth et al., 
2013). 
 
1.2.3 Midline crossing 
 Once callosal axons have turned towards the midline, they must then begin an 
elaborate sequence of guidance decisions that attracts them towards the midline, where 
they cross and are then repelled into the contralateral hemisphere. This stage of callosal 
development is well understood, perhaps because its misregulation is likely to underlie 
agenesis of the corpus callosum. 
 A critical event that must happen to allow callosal axons to cross the midline is 
formation of the midline substrate. The midline region that the corpus callosum grows 
through during development, known as the septum, is separated by the interhemsipheric 
fissure during early embryonic development. Fusion of the two septal halves is initiated by 
specialised astroglia called midline zipper glia, which intercalate across the 
interhemispheric fissure and degrade the intervening leptomeninges (Silver et al., 1993; 
Gobius et al., 2016). This process has recently been shown to be dependent on Fibroblast 
growth factor 8 (Fgf8) signalling to downstream Nuclear factor I (Nfi) transcription factors, 
which act to differentiate the midline zipper glia (Gobius et al., 2016). Crucially, humans 
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with complete agenesis of the corpus callosum predominantly display an unfused midline 
and aberrant retention of the interhemispheric fissure, including individuals with 
haploinsufficiency of NFI genes. Collectively, this indicates that the misregulation of 
interhemispheric remodelling is the primary aetiology contributing to this developmental 
disorder (Gobius et al., 2016). 
 Once the midline substrate has been correctly formed, callosal axons can respond 
to guidance cues to cross the midline. Sources of these guidance cues include populations 
of guidepost cells (of both glial and neuronal identity) situated at various stages along the 
callosal tract. Examples of such populations are the indusium griseum at the midline dorsal 
border of the corpus callosum (Shu and Richards, 2001), the glial wedge ventral to the 
corpus callosum and medial to the lateral ventricles (Shu and Richards, 2001; Shu et al., 
2003c), and the midline corridor, which lies ventral and dorsal to the corpus callosum at 
the midline (Silver et al., 1982; Shu et al., 2003b; Niquille et al., 2009; Niquille et al., 2013). 
Like the midline zipper glia, these populations rely upon numerous factors (e.g. Nuclear 
factor I (Nfi), GLI-Kruppel family member GLI3 (Gli3) and Fibroblast growth factor receptor 
1 (Fgfr1) signalling) to specify and migrate normally, and thus some knockout animals 
lacking these genes show defects in these populations and subsequently altered callosal 
development (Shu et al., 2003c; Steele-Perkins et al., 2005; Smith et al., 2006; Amaniti et 
al., 2013; Magnani et al., 2014).  
 After specifying and migrating appropriately, these guidepost populations express 
axon guidance cues, many of which have complementary receptors expressed in callosal 
axons simultaneously. In addition, the septum expresses guidance cues that also regulate 
midline crossing. The signalling pathways that have been implicated in midline crossing 
include Ephrins/Ephrin receptors (Ephs) (Mendes et al., 2006), Slit/Roundabout guidance 
receptor (Robo) (Unni et al., 2012), Deleted in colorectal carcinoma (Dcc)/Ntn/Dorsal 
inhibitory axon guidance protein (Draxin) (Ren et al., 2007; Ahmed et al., 2011; Fothergill 
et al., 2014), Receptor-like tyrosine kinase (Ryk)/ Wingless related MMTV integration site 
(Wnt)/Frizzled class receptors (Fzd) (Keeble et al., 2006; Wang et al., 2006), and 
Nrp/Sema (Piper et al., 2009). Consequently, knockouts of many family members in these 
pathways result in callosal malformations in mice (reviewed in Gobius and Richards, 2011; 
Edwards et al., 2014; Morcom et al., 2016). It remains unclear whether or not the primary 
aetiologies underlying callosal malformations in these knockout models are axon guidance 
defects, or if some of these pathways may have additional roles in interhemispheric 
midline remodelling.  
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 After axons have crossed the midline, they are then repelled into the contralateral 
hemisphere. Factors that have been shown to regulate this process include Slit2 (Shu et 
al., 2003a) and Wnt5a/Ryk (Keeble et al., 2006; Hutchins et al., 2011). Interestingly, the 
Wnt5a/Ryk-dependent repulsion appears to depend on neuronal activity, mediated by 
calcium/calmodulin-dependent protein kinase (Camk)2A. Knockdown of elements of this 
pathway results in axons that can cross the midline, but stall and misguide in the 
contralateral hemisphere. 
1.2.4 Contralateral innervation, arborisation and stabilisation 
 After midline crossing is successfully completed, callosal axons begin the final 
stage of their development where they grow along the intermediate zone/white matter tract 
into the contralateral hemisphere, exit the tract into the cortical plate (or other targets), 
then innervate the appropriate cortical layer/s where they arborise and make stable 
synaptic connections with target cells. This stage of callosal development, collectively 
termed contralateral callosal targeting, is one of the least studied in the field. However, 
recent research in mice indicates that the final stages of callosal targeting in the 
contralateral hemisphere may be more important than previously thought. For instance, 
several genetic and environmental manipulations can result in severe alteration of 
contralateral callosal targeting without any structural changes at the midline (Mizuno et al., 
2007; Wang et al., 2007; Courchet et al., 2013; Lu et al., 2013; Zhou et al., 2013). This 
suggests that, while callosal malformations are diagnosed from gross midline imaging, 
defects arising from isolated errors in contralateral targeting may remain undiagnosed in 
humans.  
 Although no direct evidence for contralateral targeting defects has been found in 
humans, it is likely that some of the aforementioned alterations of callosal morphology in 
neurodevelopmental disorders arise from contralateral targeting defects. For instance, 
failure to successfully stabilise axons may lead to a smaller corpus callosum with fewer 
axons. Similarly, as FA is thought to be a measure of white matter organisation (Putnam et 
al., 2008), low FA values in dMRI studies could reflect alterations in the precise 
topographical organisation of the tract, and subsequently the accuracy of contralateral 
callosal targeting (Zhou et al., 2013), even in the absence of gross differences in overall 
callosal size at the midline. Contralateral callosal targeting is therefore a significant 
research topic due to its importance in the development of correct functional connections 
and its potentially isolated disruption in humans. Our current understanding of contralateral 
callosal targeting will be explored in detail in the next section.  
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1.3 Contralateral targeting of the corpus callosum 
 
1.3.1 Process of contralateral targeting 
 Although contralateral callosal targeting is a significant event in the accurate 
functional wiring of cortical regions, the developmental processes involved are still poorly 
understood. Research in this area has been impeded by the difficulty of dissecting out the 
different steps of contralateral targeting, as well as the separate defects in each, especially 
when looking at static images of callosal axons and/or the adult animal. Nevertheless, it 
has been shown that once callosal axons arrive at the contralateral white matter, there are 
dynamic waiting periods lasting a few days before they innervate the cortical plate in the 
visual (Fish et al., 1991; Mizuno et al., 2007), motor (Halloran and Kalil, 1994), frontal and 
parietal (Floeter and Jones, 1985) cortices of rodents as well as the cat visual cortex 
(Aggoun-Zouaoui and Innocenti, 1994). However, no waiting period has been found in the 
rodent somatosensory cortex (Wang et al., 2007), suggesting that this phenomenon may 
differ between cortical areas. Next, axons innervate the cortical plate, possibly using radial 
glial processes as a scaffold (Norris and Kalil, 1991; Sehara et al., 2012). Callosal 
projections then arborise and form synapses with glutamatergic and GABAergic neurons 
located in L2/3 and 5, and to a lesser extent 6 in rodents (Petreanu et al., 2007). 
 The development of the L2/3 callosal projection to the border between primary and 
secondary sensory areas has been partially described in both the visual and 
somatosensory cortex. In the visual cortex, callosal fibres have arrived in the contralateral 
hemisphere and remain in the white matter by P5, innervating the cortex at P6-P7 with 
little branching. Further innervation and branching in L1-3 and 5 then proceeds until 
around P13 (Mizuno et al., 2007). In the somatosensory cortex, axons are reported to be 
present in the contralateral white matter by P5 and innervate grey matter by P6. After P8, 
the projection to the primary somatosensory (S1) and secondary somatosensory (S2) 
border can be observed, with distinct arborisations in L1-3 and 5, until the projection 
pattern stabilises at around P10 (Wang et al., 2007). Previous studies have also noted the 
fine morphology and development of L2/3 electroporated callosal axons passing 
predominantly through the septa of the barrels in L4 of S1 when both exiting the ipsilateral 
cortex and arriving at the contralateral cortex (Sehara et al., 2010; Sehara et al., 2012).  
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1.3.2 Role of axonal tract position in contralateral callosal targeting 
 The mechanisms that drive contralateral targeting are even less well understood 
than the process itself. However, one important recent advance has been the finding that 
cell-specific knockout of Nrp1 and Sema3A can disrupt the usually precise topographic 
order of axons within the callosal tract (carrying axons from more medial cortical areas 
dorsally and from more lateral cortical areas ventrally). Intriguingly, after callosal axon 
topography was disorganised, the axons innervated the contralateral hemisphere 
according to their new (aberrant) position within the callosal tract (i.e. more dorsal axons 
exited more medially), and not according to their cortical origin. This led to an inference 
that contralateral cortical innervation depends on the organisation within the tract, and that 
there may be a homogenous growth factor within the cortex that attracts the unspecified 
axons in succession (Zhou et al., 2013). Conditional knockdown of Nrp1 in callosal 
neurons also results in ectopic contralateral targeting mediated through interactions with 
the Rab5 protein (Wu et al., 2014). Thus, the mechanism whereby axons enter the cortical 
plate in order of tract position is likely to broadly regulate contralateral targeting, with other 
unknown cues probably regulating the cortical area-specific guidance and stabilisation of 
axons into their discrete contralateral regions. One of the reasons additional specific 
guidance cues are likely to regulate contralateral callosal targeting is the presence of both 
homotopic and heterotopic discrete callosal projections in numerous systems, which will 
be described below. 
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Figure 1.3: Contralateral innervation of callosal axons depends on 
dorsoventral position within the tract and not the position of the cell 
body.  
Experiments from Zhou et al. (2013) showed that, in wildtype animals, callosal neurons 
maintain topography of their dorsal-to-ventral cell body position within the callosal tract and 
also in the contralateral hemisphere. Disruption of Nrp1 or Sema3A signalling in the 
ipsilateral hemisphere does not alter cell body positioning within the cortex, but does alter 
the topographic organisation within the white matter tract. Interestingly, despite the loss of 
topography within the tract, axons innervate the contralateral hemisphere with respect to 
the new tract position, and not to cell body position. KD: knockdown. 
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1.3.3 Heterotopic and homotopic callosal projections 
 It is largely accepted that callosal axons innervate symmetric (homotopic) 
contralateral regions to those in which their cell bodies are located (Yorke and Caviness, 
1975). However, there is also evidence that callosal axons branch and project to other 
regions within the same hemisphere (Cauller et al., 1998; Mitchell and Macklis, 2005), as 
well as to contralateral asymmetric (heterotopic) areas, such as other cortical areas (Boyd 
et al., 1971; Kretz and Rager, 1990; Veinante and Deschênes, 2003), secondary sensory 
regions and the contralateral striatum (Wilson, 1987; Sohur et al., 2014). These and other 
potential heterotopic projections in rodents may be significant and warrant further research 
due to the high degree of lateralisation of the human brain, which may have prompted 
further heterotopic connectivity. Interestingly, a number of heterotopic callosal projections 
have recently been confirmed in vivo in the human brain (De Benedictis et al., 2016), and 
some of the most pronounced behavioural changes in humans with agenesis of the corpus 
callosum include functions involving highly lateralised brain components, such as 
language (Sanders, 1989; Temple and Ilsley, 1993; Paul et al., 2007). 
 
1.3.4 Developmental exuberance of callosal projections 
 There is a general consensus in the literature that there is an initial exuberance of 
callosally projecting neurons during development, and that the cell bodies of these 
neurons frequently occupy cortical areas that are not callosally projecting in the adult (see 
(Innocenti and Price, 2005) for a review). Further, it seems that these neurons cease to be 
contralaterally connected during development by retracting their contralateral axon, rather 
than via apoptosis (O'Leary et al., 1981; Ivy and Killackey, 1982; Chalupa and Killackey, 
1989). However, the contralateral destination/s of these transient axons prior to retraction, 
and thus the mechanisms regulating specificity of callosal connectivity in the adult, are 
unclear.  
 Three possible scenarios could account for the initial exuberance of callosally 
projecting neurons (Figure 1.4). The first is that the transient axons innervate the 
contralateral cortical plate in the same pattern as those destined for functional integration 
(Figure 1.4B). This is supported by early studies reporting a lack of developmental 
exuberance outside adult callosally innervated cortical regions (Ivy et al., 1979; Ivy and 
Killackey, 1981; Cornwell et al., 1984; Olavarria and van Sluyters, 1985). However, these 
tracing studies (using horseradish peroxidase and tritiated amino acids) did not permit 
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consistent quantification of axon number targeting different regions throughout 
development. Thus, an alternative scenario is that these excess callosal neurons only 
advance their axons into the white matter underlying the cortical plate, or project into the 
subplate before retracting (Figure 1.4C), possibly “sampling” the cortex in a manner akin to 
innervating thalamocortical axons (Ghosh et al., 1990). This is supported by studies in cats 
and primates showing that developing callosal axons, particularly those that originate from 
acallosal adult regions, innervate and branch, and perhaps wait, in the white matter/lower 
layer 6 in contralateral areas that lack callosal innervation in the adult, and few or no axons 
innervate the cortical plate outside the mature projection pattern (Innocenti, 1981; 
Goldman-Rakic, 1982; Innocenti and Clarke, 1984; Aggoun-Zouaoui and Innocenti, 1994). 
Conversely, additional studies in cats and rodents have provided evidence in support of a 
third scenario: cortical regions that receive little or no callosal input in adults are callosally 
innervated during earlier developmental stages (Chow et al., 1981; Lund et al., 1984; Miller 
and Vogt, 1984; Dehay et al., 1988; Elberger, 1993; Ding and Elberger, 1994; Elberger, 
1994b, a; Ding and Elberger, 2001)(Figure 1.4D). Once axons innervate the cortical grey 
matter, they may also form exuberant branches and synaptic contacts that are later refined 
(Aggoun-Zouaoui et al., 1996).  
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Figure 1.4: Three hypotheses of developmental callosal axonal 
exuberance in the contralateral hemisphere. 
 (A) A schematic illustrating the final, stable callosal wiring pattern in the adult (green), 
where terminating axons are confined to a small area in the contralateral cortical plate 
(shaded green) whereas other areas do not contain any callosal axons (shaded purple). A 
developmental exuberance of callosal cell bodies and axons is known to invade 
contralaterally (purple), but it is unclear whether these axons terminate in the same 
location as those that will stabilise in the adult (green; B), or if they terminate before 
invading the full contralateral cortical plate (for instance in lower layer 6 of future non-
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callosal regions; C). Finally, these axons could also terminate within the cortical plate in 
future non-callosal regions of the adult (D). It is possible that a combination of these 
mechanisms occurs in different species and brain regions.  
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1.3.5 Contralateral callosal targeting in humans 
 Despite previous evidence showing that contralateral callosal mistargeting can be 
affected in isolation from midline defects in mice (Mizuno et al., 2007; Wang et al., 2007; 
Courchet et al., 2013; Lu et al., 2013; Zhou et al., 2013; Suárez et al., 2014b), no studies 
have thus far assessed the behavioural consequence of disrupted contralateral targeting in 
isolation. However, using diffusion magnetic resonance imaging (dMRI) and tractography, 
it has been demonstrated that contralateral callosal targeting can be highly variable and 
misregulated in humans with gross structural malformations of the corpus callosum at the 
midline (Tovar-Moll et al., 2007; Wahl et al., 2009; Bénézit et al., 2015). These defects in 
contralateral targeting appear to be highly variable across individuals with similar callosal 
remnants at the sagittal midline (Figure 1.1); however preliminary observations suggest 
that those with abnormally heterotopic contralateral targeting have the most severe 
neurological impairments (Tovar-Moll et al., 2007). This indicates that disrupted 
contralateral targeting (concomitant with other malformations or in isolation) could have 
functional consequences in humans.  
 The potential causes of disrupted contralateral targeting as well as its functional 
implications are particularly difficult to assess in humans as very little is understood about 
their developmental progression and regulatory mechanisms. dMRI and classic anatomical 
studies in foetal and early neonatal brains indicate that the callosal tract forms at around 
13-14 gestational weeks (Ren et al., 2006) and continues to elaborate both anteriorly and 
posteriorly at the midline until at least 20 gestational weeks (Rakic and Yakovlev, 1968; 
Huang et al., 2006). After this, the entire callosal tract enlarges with the rest of the brain 
until adulthood, although some callosal sub-regions seem to grow at differing rates during 
this time (Rakic and Yakovlev, 1968). Myelination of the corpus callosum reaches maturity 
after birth (Dubois et al., 2014); however, the age at which callosal elaboration ceases and 
the time course of retraction/stabilisation remains uncertain. Up to 70% of callosal axons 
are reported to be eliminated in the four months after birth in the rhesus monkey (LaMantia 
and Rakic, 1990), and the cross-sectional area of the human corpus callosum decreases 
during late gestation and early neonatal life (Clarke et al., 1989), which likely reflects an 
overall reduction in axonal number (Innocenti and Price, 2005; Kostović and Jovanov-
Milosević, 2006). Thus, the final stages of contralateral targeting (arborisation and 
retraction/stabilisation of innervating axons) are likely to continue after birth in humans. 
The ability of interhemispherically projecting neurons to innervate their final targets via 
alternative commissural routes when the corpus callosum is developmentally absent 
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(Tovar-Moll et al., 2014) highlights the potential for manipulations of contralateral targeting 
to produce correct and functional interhemispheric connections, despite concomitant brain 
malformations. This is of particular significance given the involvement of the corpus 
callosum in a wide range of neuropsychiatric disorders with unclear genetic underpinnings 
that could involve defects in contralateral targeting. The potential postnatal finalisation of 
contralateral callosal targeting is also significant because of its known activity-
dependence, which will be discussed in depth in the following section.  
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1.4 Activity-dependent contralateral callosal targeting 
 
1.4.1 Neuronal activity and its experimental manipulation during development 
 Neuronal activity has long been known to have multiple roles in various aspects of 
brain development. However, the precise mechanisms relating electrical activity and brain 
wiring have been difficult to integrate into a coherent program due to different practical and 
theoretical approaches. For instance, neuronal activity can be categorised as sensory 
evoked or non-sensory evoked/spontaneous, propagated by electrical or chemical 
synapses, recorded as single unit or at a population level, and/or manipulated pre- and 
post-synaptically. These different approaches may result in seemingly contradictory effects 
of activity on brain development (Zhang et al., 2011). 
 Studies that investigate neuronal activity have used many different experimental 
manipulations to alter various aspects of activity. The earliest manipulations consisted of 
sensory deprivation or alteration, such as amputation, monocular enucleation or 
whiskerpad denervation (Wiesel and Hubel, 1965). This was followed by the application of 
drugs that affect activity, for instance by pharmacologically blocking specific types of ion 
channels or neurotransmitter receptors (e.g. tetrodotoxin (Stellwagen et al., 1999) or 
bicuculline (Ueno et al., 1997)). The advent of genetic tools has since allowed more 
specific manipulation of activity, both globally as well as in a tissue-specific manner. For 
instance, constructs that affect channel composition or synaptic machinery of neurons can 
be altered transgenically, virally or via in utero electroporation to permanently (e.g. Kir2.1 
(Suárez et al., 2014b), dominant-negative Vamp (Hua et al., 2005), Snap25 knockout 
(Blakey et al., 2012)) or transiently (e.g. designer receptors exclusively activated by a 
designer drug (DREADDs) (Armbruster et al., 2007), inducible Cre systems (Hayashi and 
McMahon, 2002)) alter the probability of action potential firing or vesicle release. 
Optogenetic constructs, such as channelrhodopsin and halorhodopsin, can also be used to 
change the rate of neuronal firing upon exposure to light (Tye and Deisseroth, 2012). 
Altogether, these tools have helped to elucidate the various types and initiations of activity 
in the brain, as well as how these may contribute to early brain development. 
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1.4.2 Neuronal activity and axonal targeting/stabilisation 
 It is traditionally thought that molecular guidance cues are primarily involved in 
establishing the gross organisation of the cortex, whilst electrical activity later refines and 
maintains connections by synchronising activity within and between local networks and 
large scale brain areas (Hanganu-Opatz, 2010). However, evidence has been gradually 
accumulating in favour of a scenario in which electrical activity has major roles in the initial 
establishment of neuronal connections as well as later consolidation and refinement. 
Some of the first indications that axon pathfinding and initial connectivity could be 
regulated by electrical activity came from evidence showing that activity is required for 
thalamic axons to find their correct target in the cortex (Catalano and Shatz, 1998). 
Similarly, it was shown that cortical pyramidal neurons require electrical activity to form 
layer-specific connections (Dantzker and Callaway, 1998). Modulating activity in vitro has 
also been shown to alter the turning response of growth cones to particular guidance cues 
(Ming et al., 2001). More recent studies investigating neuronal activity in the development 
of connections have studied the corpus callosum, finding that it is affected in diverse 
sensory systems by numerous manipulations, as discussed below. 
 
1.4.3 Sensory input and callosal development 
 Since the 1970s, studies employing injectable molecular and degeneration-
dependent tracing techniques have revealed that the normal contralateral targeting of 
callosal axons is highly dependent on the type and magnitude of postnatal sensory 
experience in the somatosensory (Koralek and Killackey, 1990) and visual (Shatz, 1977; 
Lund et al., 1978; Lund and Mitchell, 1979; Dehay et al., 1989; Frost and Moy, 1989; Frost 
et al., 1990; Olavarria and Van Sluyters, 1995; Zufferey et al., 1999) systems. These 
studies primarily demonstrated decreased density and/or aberrant distribution of 
contralateral callosal axons upon unilateral manipulations of sensory input, such as 
infraorbital nerve section or monocular enucleation. 
 
1.4.4 Cortical activity and callosal development 
 The discovery that callosal targeting requires sensory input has been refined in 
more recent work utilising in utero electroporation to label and/or modify the activity of 
callosal neurons. These studies have particularly focused on callosal connections to the 
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contralateral hemisphere that form a dense projection between the border of the primary 
and secondary sensory areas in both the visual and somatosensory system. These 
projections in the visual system are disrupted by unilaterally disturbing the endogenous 
activity of callosal neurons or in their targets (Mizuno et al., 2007)(Figure 1.5). Similar 
results were found in the somatosensory system, where either generalised disruption of 
endogenous activity or neurotransmitter blockade of callosal neurons caused a perturbed 
S1/S2 projection (Wang et al., 2007). Using single-axon tracing in the visual system, it was 
further shown that disturbed pre-synaptic activity disrupted axon growth, branching, layer-
specific targeting and arbour elaboration, whereas disturbing post-synaptic activity only 
disturbs arbour elaboration (Mizuno et al., 2010). This paper showed that simultaneous 
disruption of pre- and post- synaptic neurons resulted in a similar phenotype to either 
treatment in isolation. 
 It has been separately demonstrated that knockdown of CamkIα, a major mediator 
of calcium-dependent neuronal activity, results in aberrant morphology of the S1/S2 
projection (Ageta-Ishihara et al., 2009). However, it is unclear whether alterations in this 
pathway underlie the other manipulations of activity, or if changes in many cell 
mechanisms that contribute to neuronal activity would result in the same outcome. A 
clearer understanding of the mechanisms that mediate activity-dependent contralateral 
targeting of callosal projections may be gained from studies of the normal patterns of 
activity in the early postnatal cortex, which will be discussed in the following section. 
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Figure 1.5: Disruption of both pre- and post-synaptic activity of callosal 
neurons causes deficits in the morphology of the V1/V2 projection.  
Mizuno et al. (2007) electroporated potassium inward rectifying channel 2.1 (Kir2.1), which 
hyperpolarises neurons and makes it more difficult for them to fire, at E15.5 along with 
GFP to label L2/3 callosal neurons in V1. This manipulation caused the contralateral 
callosal projection between the primary and secondary visual cortices to become less 
dense in morphology as compared to control animals that had GFP alone electroporated in 
the same population. Significantly, electroporation at E15.5 of Kir2.1 into the contralateral 
hemisphere, while labelling the same population of callosal neurons in the ipsilateral cortex 
in green, caused similar defects in V1/V2 projection morphology. Taken together, this 
suggests that callosal connections rely upon both pre- and post- synaptic activity to make 
appropriate contralateral connections during development. 
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1.4.5 The early postnatal activity of sensory cortices 
 The finding that early disruption of sensory input and endogenous cortical activity 
results in defects in contralateral callosal targeting prompts the question of what neuronal 
activity looks like in the postnatal brain. Cortical activity of the newborn rodent primarily 
consists of widely propagating synchronous waves (Yuste et al., 1992; Calderon et al., 
2005) and may be generated peripherally (Hanganu et al., 2006; Ackman et al., 2012), 
intracortically (Minlebaev et al., 2007; Namiki et al., 2013), or from other regions of the 
brain, such as the septum (Conhaim et al., 2010). Propagating spontaneous electrical 
activity has been shown to have numerous roles in the development of the nervous 
system, including the establishment of connectivity, synaptic refinement and neuronal 
differentiation (reviewed in Moody and Bosma, 2005; Blankenship and Feller, 2010). 
 One intriguing property of the early postnatal rodent brain is the presence of 
increasingly synchronised mirror-symmetric patterns of slow calcium waves between the 
two cerebral hemispheres during the first postnatal week, both broadly, and refined to 
functionally relevant networks (Ackman et al., 2014). Given the necessity of postnatal 
activity to establish neuronal circuitry, as well as the predominantly homotopic connectivity 
of the corpus callosum, it is possible that these early patterns are critical for the 
establishment of interhemispheric networks. Indeed, it has been shown that wave-like 
activity from the two retinas needs to be asynchronous for the appropriate eye-specific 
segregation of visual system connections to develop (Zhang et al., 2012). Thus, just as the 
brain uses asymmetric patterns of activity for segregation of distinct regions during 
development, it is possible that it also uses symmetric patterns of activity to “match” similar 
regions and establish the interconnected mirror-image bilateral maps present in the adult 
animal. 
 The early activity of the rodent somatosensory cortex has been almost exclusively 
studied by a single research group, who have characterised three patterns of oscillatory 
activity present in the first postnatal week of rats by performing field potential and multiple-
unit activity recordings across S1(Yang et al., 2009). Their findings are summarised in 
Table 1.1. A significant aspect of this work is that depriving the whisker pad of sensation 
with injection of lidocaine decreases the occurrence and duration of spindle bursts and 
gamma oscillations. Given that altering input from the sensory periphery may change 
cortical activity in a similar manner to drug-induced sensory deprivation, these changes 
are likely candidates for parameters of cortical activity that regulate callosal development.   
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Table 1.1: The parameters of three oscillatory patterns of activity in the 
neonatal rodent S1. 
 Data in table adapted from (Yang et al., 2009); PMBSF: posterior-medial barrel subfield. 
 
 Spindle bursts Gamma 
oscillations 
Long oscillations 
Dominant 
frequency 
9.3 ±4.4 Hz 38.3 ± 7.7 Hz 13.6 ± 6.8 Hz 
Duration 1.4 ± 1.6 sec 0.2 ± 0.2 sec 54.5 ± 20.2 sec 
Distribution Throughout S1 Only within the 
PMBSF 
Throughout S1 
Area of 
synchronisation 
200-400um cortical 
column 
200um 600-800um (over 
entire S1 in medio-
temporal spread) 
Synchrony 
between 
hemispheres 
Approx. 5% at P0-P1 
to 18% at P6-P7 
Approx. 3% at P0-
P1 to 11% at P6-
P7 
Not stated 
Changes with age 
(over first 
postnatal week) 
Occurrence, 
amplitude and 
frequency increase 
Occurrence, 
amplitude and 
duration increase 
Occurrence, 
amplitude and 
frequency increase 
Evoked by single 
electrical 
stimulation of 
whisker pad? 
Yes (approx. 88% of 
events) 
Yes (approx. 62% 
of events) 
No 
Evoked by 
repetitive tactile 
stimulation? 
Not stated Not stated Yes (4 of 6 pups) 
Upon whisker pad 
lidocaine injection 
Occurrence and 
duration decreases in 
contralateral cortex 
only 
Occurrence 
decreases in 
contralateral 
cortex only 
Remains unclear 
whether or not 
affected 
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1.5 Molecular mechanisms guiding contralateral callosal targeting 
1.5.1 Evidence from knockdown experiments 
 The molecular mechanisms regulating contralateral callosal targeting remain largely 
unknown. However, due to the burgeoning popularity of in utero electroporation and the 
consistency of L2/3 S1 labelling using this method, a number of studies have recently 
reported morphological disruption of contralateral callosal projections upon genetic 
manipulations. These will be listed and briefly described below, followed by the potential 
problems with interpreting experiments of this kind. 
• Disruption of Tubulin beta 2B class IIB (Tubb2b) signalling causes a reduction in 
contralateral callosal axon innervation into the white matter, as well as branching 
patterns, seemingly independent of changes in neuronal production or migration 
(Cederquist et al., 2012) .  
• Serine/threonine kinase 11 (Lkb1) and Nuak family kinase 1 (Nuak1) are involved in 
mitochondria immobilisation in axons. It has been shown that this pathway is 
necessary for axon specification of dividing progenitors, as well as both ipsilateral 
and contralateral branching upon S1 electroporation into L2/3 neurons (Courchet et 
al., 2013). When signalling of these factors was disrupted, defects in contralateral 
branching were found to be independent of changes in neuronal migration or timing 
of axonal extension. 
• Midline 1 (Mid1) is an E3 ubiquitin ligase that regulates the degradation of Protein 
phosphatase 2 (formerly 2A), catalytic subunit, beta isoform (Ppp2cb). Disruption of 
Mid1 expression causes exuberant axonal growth and branching in vitro, as well as 
accelerated callosal axon growth and branching, which results in altered patterns of 
contralateral innervation (Lu et al., 2013).  
• Endoplasmic reticulum chaperone SIL1 homolog (S. cerevisiae) (Sil1) is a co-
chaperon protein that interacts with another chaperone protein, Heat shock protein 
family A (Hsp70) member 5 (Hspa5). Knockdown of Sil1 causes a range of deficits 
including neuronal migration delay, morphological disorganisation and delayed 
callosal axon growth into the contralateral hemisphere, as measured by in utero 
electroporation of L2/3 S1 (Inaguma et al., 2014). Similar defects were found upon 
disruption of RNA binding protein, fox-1 homolog (C. elegans) 1 (Rbfox1) signalling, 
which regulates alternative slicing of an array of transcripts (Hamada et al., 2015). 
• Vesicle-associated membrane protein 2 (Vamp2), Synaptosome associated protein 
(Snap)25 and Snap47 are Snap receptors (SNAREs) that mediate the vesicular 
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exocytosis of Brain derived neurotrophic factor (Bdnf), which binds to Tropomyosin 
receptor kinase (Trk) B. Disruption of components of this pathway has been shown 
to decrease branching in contralateral projections of S1 electroporated L2/3 callosal 
neurons (Shimojo et al., 2015).  
• Down syndrome cell adhesion molecule (Dscam) and DscamL1 have been shown 
to regulate dendritic branching and axonal growth in vitro. Knockdown of these 
genes in vivo also causes defects in radial migration and decreased morphology of 
the S1/S2 projection, labelled with in utero electroporation (Zhang et al., 2015). 
• Zinc finger, DHHC domain containing 8 (Zdhhc8) is a palmitoyltransferase that has 
been shown to be necessary for axonal growth and branching in vitro. Zdhhc8-
deficient mice also display branching defects both ipsilaterally and contralaterally 
(examined with S1 L2/3 electroporation). Intriguingly, Zdhhc8 human homologue 
lies within a deletion that is known to be associated with the manifestation of 
schizophrenia. Zdhhc8-deficient mice show defects in working memory, although 
the specific structural neurological deficit that underlies this remains unclear (Mukai 
et al., 2015).  
• Microtubule-actin crosslinking factor 1 (Macf1) has been shown to regulate dendritic 
arborisation and axon outgrowth via cytoskeletal reorganisation and Glycogen 
synthase kinase 3 (Gsk3) signalling. Macf1 deletion via in utero electroporation in 
L2/3 S1 neurons results in impaired elongation of callosal axons into the 
contralateral white matter and cortex, as well as a reduction in branching both 
ipsilaterally and contralaterally (Ka and Kim, 2016).  
• Cux1 is an upper-layer-specific transcription factor whose knockdown results in a 
reduction of contralateral white matter and projection density, but not ipsilateral 
axons. This effect appears to be mediated by the transcriptional regulation of 
Potassium voltage-gated channel subfamily A member 5 (Kcna5) members, and 
therefore aberrant firing responses (Rodríguez-Tornos et al., 2016).  
 
1.5.2 Barriers to elucidating the molecular mechanisms 
 Caution must be taken before attributing the aforementioned molecular pathways to 
specific regulation of contralateral targeting of the corpus callosum. The first reason for this 
is that in many cases it is unclear whether deficits in processes that precede contralateral 
targeting are also affected by these manipulations (such as neuronal migration, 
polarisation, axonal extension, survival, etc). Thus, chang es in contralateral callosal 
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projection morphology may arise from defects in any of these former processes, and the 
genetic mechanisms studied may not be involved in this stage of callosal development 
specifically. Further, if a molecular mechanism were shown to be involved in contralateral 
axonal survival/innervation/arborisation in isolation of preceding processes, it would be 
unclear without further investigation whether this is a mechanism specific to this 
process/system, or rather involved in generalised processes of axon dynamics (such as 
axon survival/branching). Indeed, the in vitro work on dissociated cells from the entire 
cerebral cortex in several of the above studies (e.g. Lu et al., 2013; Zhang et al., 2015) 
indicates that many of these molecular mechanisms may not be callosal-specific. Similarly, 
as discussed above, it has already been well established that reducing sensory input or 
intrinsic cortical activity affects contralateral callosal targeting, and thus any manipulation 
that has a side-effect of changing activity properties of transfected neurons may 
subsequently cause defects in this process, without necessarily being specific to the 
system. 
 To date, no known axon guidance genes have been shown to be involved in 
callosal targeting to a specific contralateral region. There are many possible reasons for 
this, the first being that isolated defects in this process may not be grossly visible in 
knockout/knockdown models unless specific and consistent labelling techniques are used. 
Further, it may be that many of the axon guidance molecules involved in earlier stages of 
callosal development (such as midline crossing) also have roles in regulating contralateral 
callosal targeting, and thus contralateral projection changes are not able to manifest due to 
gross midline callosal deformities. A specific approach to isolating axon guidance genes 
that are involved in contralateral targeting, followed by drug-inducible experiments, where 
knockdown is initiated after midline crossing has occurred, would help to address these 
questions. 
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1.6 The mouse somatosensory cortex model system 
 
1.6.1 The organisation and development of the mouse somatosensory cortex 
 The mouse facial whisker somatosensory model system provides a number of 
advantages in the investigation of a role for activity in callosal development. First, it is fully 
decussated, meaning that all sensory stimulation from one whisker pad is processed 
exclusively by the ipsilateral brainstem, the contralateral thalamus and then the 
contralateral cortex (Figure 1.6). This implies that the only way of interhemispherically 
integrating cortical information in this system is via the corpus callosum, which simplifies 
potential experimental interpretations and behavioural assays. Next, the spatial 
arrangement of facial whiskers is topographically preserved: one whisker in the sensory 
periphery is represented by one barrelette in the brainstem, one barreloid in the thalamus 
and one barrel in the posterior-medial barrel subfield (PMBSF) of the cortex, in conserved 
positional maps (Woolsey and Van der Loos, 1970; Durham and Woolsey, 1984). The 
barrels of the cortex are formed by thalamocortical axon branches in L4, surrounded by 
rings of neurons, which project into the hollows and form synapses with ascending 
thalamocortical axons to convey somatosensory information to the cortex (Killackey and 
Leshin, 1975; Woolsey et al., 1975). Finally, the whisker sensory apparatus can be 
manipulated in multiple ways, so that only some whiskers are removed, or whiskers are 
removed temporarily or permanently. This provides a varied toolbox with which to assess 
the effects of altering the sensory periphery on callosal development. The mouse 
somatosensory system will therefore be used as a model system in this thesis.  
 Both intrinsic genetic programs and extrinsic information relayed by thalamocortical 
connections regulate the development of the mouse somatosensory cortex. Before 
thalamocortical innervation, gradients of morphogens (such as Fgf8) instigate intrinsic 
arealisation of the cortex, controlling expression of transcription factors such as Paired box 
6 (Pax6), Trans-acting transcription factor 8 (Sp8), Emx2 and Nuclear receptor subfamily 
2, group F, member 1 (Nr2f1) to regulate a complex cascade of signalling that specifies 
area and neuronal identity (Fukuchi-Shimogori and Grove, 2001; O'Leary et al., 2007; Li 
and Crair, 2011). Once arealisation has been genetically specified, areal identity is then 
maintained and refined by correct thalamic innervation (López-Bendito and Molnár, 2003; 
Li and Crair, 2011). Thalamocortical axons use axon guidance signalling pathways to 
locate their appropriate cortical region, where they then interact with subplate neurons, a 
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process which is thought to be important for subsequent cortical plate innervation (Zhou et 
al., 1999; López-Bendito and Molnár, 2003). In the mouse somatosensory cortex, 
thalamocortical axons then enter the cortex and predominantly form synaptic connections 
with L4 neurons, where they organise into barrel patterns by P4. Disrupting neuronal 
activity from the sensory periphery, results in mistargeting of thalamic axons and a 
disorganisation of discrete barrels, forming a single large homogenous structure (Van der 
Loos and Woolsey, 1973; Jensen and Killackey, 1987). 
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Figure 1.6: The topographic organisation of the mouse somatosensory 
system.  
The mouse somatosensory whisker system has a preserved spatial topography 
represented from the whisker pad, the brainstem, the thalamus and finally the cortex, 
where each whisker corresponds to a single structure called a barrel. All inputs from a 
single whisker project exclusively to the contralateral cortex. 
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1.7 Summary and specific aims 
 
 This chapter has summarised the function and malformations of the corpus 
callosum, as well the major steps of its development. The final stage of callosal formation, 
contralateral callosal targeting, has also been more specifically outlined. Contralateral 
callosal targeting involves a complex sequence of axonal exuberance and retraction to 
connect both homotopic and heterotopic regions of the brain, however, how these 
contralateral projections are organised and develop remains unclear. Dorsoventral position 
within the callosal tract is also a crucial determinant of this process, as is neuronal activity 
both intracortically and driven from the sensory periphery, although how neuronal activity 
and molecular mechanisms regulate contralateral callosal targeting remain unresolved 
questions. Contralateral callosal targeting is likely to be an important process in humans 
as it may be involved in numerous neurodevelopmental disorders and has potential for 
environmental influence. This thesis investigates the process of and mechanisms 
underlying contralateral callosal targeting in greater depth with the following three specific 
aims: 
 
Aim 1: To characterise the anatomy, development and organisation of the L2/3  
  mouse somatosensory callosal system (chapter 3). 
Aim 2: To understand how neuronal activity from the two cortical hemispheres  
  contributes to contralateral callosal targeting (chapter 4). 
Aim3:  To investigate the molecular mechanisms that underlie the development of 
  contralateral callosal projections (chapter 5). 
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Chapter 2. Materials and methods 
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2.1 Animals 
 
 A CD1 wildtype mouse strain bred on site at The University of Queensland was 
used for all experiments. All animal procedures were approved by The University of 
Queensland Animal Ethics Committee and in accordance with the National Health and 
Medical Research Council’s Australian Code of Practice for the Care and Use of Animals 
for Scientific Purposes. To obtain time-mated females, male and female mice were placed 
together overnight and if a vaginal plug was detected the next day it was designated E0. A 
minimum of three animals was used for any reported qualitative analysis and a minimum 
of four animals was used for statistical analysis of quantitative data. Number of animals 
used for each experiment are detailed in figure legends and are summarised in Table 2.1. 
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Table 2.1. Animals used in thesis 
 
Figure 
reference 
Experimental 
manipulation 
Analysis method Age(s) of 
collection 
Number of 
animals 
3.1 EP at E15  Qualitative imaging P10, P50 n = 3 animals per 
age and plane of 
sectioning 
3.2 Double adult 
stereotaxic injection 
with DiI and DiD  
Cell counts ≥P30 n = 3 animals 
3.3 and 3.4 EP at E15  Fluorescence intensity 
quantification 
P4, P5, P6, 
P7, P8, P10, 
P12, P15, 
P20, 
n ≥ 7 animals per 
age 
3.5 EP at E15 and 
unilateral cauterisation 
at P3 
Fluorescence intensity 
quantification 
P7, P10 n ≥ 7 animals per 
age and condition 
3.6 EP at E15 and 
unilateral whisker 
plucking between P2 
and P10 
Fluorescence intensity 
quantification 
P10, P50 n ≥ 4 animals per 
age and condition 
Chpt 4 
manuscript Fig. 
1 and 2 and 
Fig S1 A-E and 
K-M, Fig S2 
EP at E15 and 
unilateral or bilateral 
cauterisation at P3 
Fluorescence intensity 
quantification 
P10 n ≥ 6 animals per 
condition 
Chpt 4 
manuscript Fig. 
3A-D 
EP at E15 with 
synaptophysin-GFP 
and tdTomato and 
unilateral or bilateral 
cauterisation at P3 
Puncta counts P10 n ≥ 8 animals per 
condition 
Chpt 4 
manuscript Fig. 
3E-L and Fig. 
S3 
EP at E15 with 
channelrhodopsin2 and 
unilateral or bilateral 
cauterisation at P3 
Electrophysiological 
recordings 
≥P30 n ≥ 4 animals per 
condition 
Chpt 4 
manuscript Fig. 
4B-E 
EP at E15 unilaterally 
with Kir2.1 
Electrophysiological 
recordings 
≥P30 n = 3 animals per 
condition 
Chpt 4 
manuscript Fig. 
4F-O and Fig. 
S4 
EP at E15 unilaterally 
and bilaterally with 
Kir2.1 
Fluorescence intensity 
quantification 
P10 n ≥ 5 animals per 
condition 
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Chpt 4 
manuscript Fig. 
5 and Fig. S5 
EP at E15 and 
combinations of partial 
bilateral cauterisation of 
whiskerpad at P3 
Fluorescence intensity 
quantification 
P10 n ≥ 6 animals per 
condition 
Chpt 4 
manuscript Fig. 
S1F-J 
EP at E15 and 
unilateral or bilateral 
cauterisation at P3 
Fluorescence intensity 
quantification 
P50 n ≥ 4 animals per 
condition 
Chpt 4 
manuscript Fig. 
S1N-P 
EP at E15 with H2A-
GFP and unilateral or 
bilateral cauterisation at 
P3 
Cell counts P10 n ≥ 8 animals per 
condition 
5.1 Unilateral or bilateral 
cauterisation at P3 
Whole-S1 extraction 
and RNAseq 
P7 n = 2 animals per 
condition 
5.2 EP at E15 with L10a-
GFP 
TRAP extraction and 
RNAseq 
P6, P9 and 
P12 
n = 3 samples per 
age and 
hemisphere, 20 
animals per sample 
for P6, 10 for P9 
and P12 
5.3-5.7 Unilateral or bilateral 
cauterisation at P3 
Chromogenic signal 
intensity and 
fluorescence intensity 
quantification 
P7 n = 3 animals per 
condition for each 
probe/antibody 
5.8C-E EP at E15 with L10a-
GFP 
Qualitative imaging  P7 and P9 n = 3 animals per 
age 
 
All electroporations (EPs) performed with fluorescent labelling plasmids (pCAG-YFP or 
pPBCAG-GFP) unless otherwise stated. Further details in the figure legends of each 
reference figure.  
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2.2 Animal surgeries 
 
2.2.1 In utero electroporation 
 Time-mated CD1 pregnant dams were used at E15 for all experiments. Mice were 
anaesthetised with an intraperitoneal injection of ketamine/xylazine (120 mg/kg ketamine; 
Parnell Laboratories; and 10 mg/kg xylazine; Troy Laboratories), followed by 2 mg/kg 
subcutaneous buprenorphine analgesic (TemgesicTM, Reckitt Benckiser) for pain relief. 
After full anaesthesia was confirmed by a toe pinch test, dams were placed on a heat pad 
set at approximately 25ºC, Vaseline was placed over their eyes to prevent drying and the 
hair covering the abdomen was gently removed using a hair removal cream. After 
sterilisation of the skin with chlorohexidine, a laparotomy was performed and the uterine 
horns containing embryos were gently pulled from the abdominal cavity. Once an embryo 
was visualised through the uterine wall, plasmid DNA (0.5 – 1 µL), was microinjected into 
the right lateral telencephalic ventricle with a Picospritzer®II (Parker Hannifin) holding a 
glass pulled pipette. Individual plasmids used and their respective concentration are listed 
in Table 2.2. The plasmid was then electroporated into the presumptive right S1 with 3 mm 
diameter microelectrodes (Nepagene) delivering 5 (100 ms, 1 Hz) approximately 36 V 
square wave pulses from an ECM® 830 electroporator (BTX Harvard Apparatus). Once 
this procedure was completed for each embryo, the uterine horns were replaced inside the 
abdominal cavity and the incision was sutured closed. Animals were then injected with 1 
mL of Ringer’s solution subcutaneously (NaCl 135 mM, KCl 5.4 mM, MgCl2 1 mM, CaCl2 
1.8 mM, HEPES (Sigma Aldrich) 5 mM) and allowed to recover in a humidified chamber at 
approximately 28 ºC. Dams were then monitored daily and allowed to give birth to live 
pups (at approximately E19/P0). The brightness, size and position of fluorescent patches 
in S1 of pups was checked under a fluorescent microscope between P0 and P3, and those 
that were not suitable for subsequent procedures/analysis were excluded from analyses. 
Pups were then raised to the required age for each experiment (P4-P50), and were 
weaned and separated by sex at approximately P20.  
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Table 2.2. Plasmids used in thesis 
 
Plasmid Concentration Source 
pCAG-YFP 1 µg/µL Tetsuichiro Saito, Chiba University, Japan 
pPBCAG-GFP 0.75 – 1 µg/µL Joseph LoTurco, University of 
Connecticut, USA 
pPBCAG-transposase 0.75 – 1 µg/µL Joseph LoTurco, University of 
Connecticut, USA 
pCAG-Kir2.1 1.5 µg/µL Yoshiaki Tahawa, Kyoto University, Japan 
pCAG-DsRed 1 µg/µL Addgene 15777, Cambridge, MA 
pCAG-AAV-DIO-
synaptophysin-GFP 
1 µg/µL Michael Stryker, UCSF, USA 
pCAG-H2B-GFP-2A-Myr-
tdTomato 
1 µg/µL Arnold Kriegstein, UCSF, USA 
pCAG-Cre:GFP 0.5 µg/µL Addgene 13776, Cambridge, MA 
pCAG-
hChR2(T159C)eYFP-
WPRE 
1 µg/µL Plasmid driven by pAAV promoter from 
Karl Deisseroth, Stanford University, USA 
and subcloned into pCAG by Richards 
laboratory 
pPBCAG-eGFP-L10a 3 µg/µL Plasmid driven by pCX promotor from 
Alain Chétodal, Institut de la Vision, 
France and subcloned into pPBCAG by 
candidate 
pCAG-tdTomato 0.5 µg/µL Clontech tdTomato fluorophore subcloned 
into pCAG by Richards laboratory 
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2.2.2  Pup whisker pad cauterisation 
 P2 - 3 CD1 pups were anaesthetised via hypothermia on ice and were then placed 
under a dissecting microscope. Depending on experimental condition, they then 
underwent complete cauterisation of their mystacial whiskers and underlying follicles on 
one or both sides of the face, or partial cauterisation including only the upper and or lower 
whisker rows on each side of the face in a symmetric or asymmetric manner (Thermal 
Cautery Unit, Geiger Medical Technologies). No regrowth of whiskers was observed for 
any animal throughout the course of these experiments. After cauterisation, animals were 
revived on a heat pad set at approximately 25ºC and returned to their mother to continue 
to develop until the appropriate experimental age.  
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2.3 Tissue collection and processing 
  
 To fix brain tissue, mice were anaesthetised either via hypothermia on ice (<P5) or 
by a 0.01 - 0.06 mL (depending on age) intraperitoneal injection of 185 mg/kg sodium 
pentobarbitone (LethabarbTM; Virbac). After full anaesthesia was confirmed by the toe 
pinch reflex, mice were transcardially perfused with a 0.9% saline solution (0.9% w/v NaCl 
in MilliQTM H2O (Millipore)) until blood was mostly cleared from tissue, followed by 4% pH 
7.4 PFA (4% w/v paraformaldehyde (ProSciTech) in PBS (phosphate buffered solution; 
Lonza, Conshohocken, PA) for 3-7 min. The head was then removed and post-fixed at 4ºC 
in 4% PFA for 2 or more days. Brains were dissected from the skull and then embedded in 
3 – 3.5% w/v DifcoTM Noble agar (Becton, Dickinson and Company) in MilliQTM H2O. 
Brains were then sectioned coronally at 50μm on a vibratome and sections were stored in 
0.1% sodium azide in PBS. In the case of flat mount tangential sections, the same 
procedure as above was applied with the exception that after transcardial perfusion the 
brain was immediately dissected and the cortices separated and immersed for 2 or more 
days in 4% PFA while individually compressed between two glass slides. Brain sections 
were mounted onto SuperfrostPlus slides (Menzel-Gläser) and adhered by drying at room 
temperature. 
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2.4 Immunohistochemistry 
 
2.4.1 Fluorescence immunohistochemistry 
 Immunohistochemistry was performed directly onto mounted slides. Where 
appropriate, antigen retrieval was performed in an antigen decloaking chamber (Biocare 
Medical) by immersing slides in sodium citrate buffer (10mM C6H5Na3O7. H2O, 0.05% v/v 
Tween 20 in MilliQTM H2O, pH 6.0) and heating sections to 125ºC for 4 min at 15 psi. After 
3 x 10 min PBS washes, 500 μL of a blocking solution consisting of 5% v/v of normal goat 
serum (Vector Laboratories) or normal donkey serum (Jackson Laboratories) and 0.2% v/v 
Triton X-100 (Sigma-Aldrich) in PBS was applied to each slide for three or more hrs at 
room temperature. After this, the blocking solution was poured off and sections were 
incubated in 400 μL of primary antibody solution overnight at room temperature, consisting 
of 3% normal goat or donkey serum and 0.2% Triton X-100 in PBS and the appropriate 
antibody/antibodies (see Table 2.3) in PBS. The next day, sections were washed for 3 x 10 
min in PBS and then incubated for 3 hrs in 400 μL of secondary antibody solution 
consisting of secondary antibody, 2% normal goat or donkey serum and 0.2% Triton X-100 
in PBS. Secondary antibodies used were either goat anti-rabbit IgG, donkey anti-rabbit 
IgG, or donkey anti-chicken IgG Alexafluor 488 or 555 (1:500; Invitrogen). After 3 x 10 min 
PBS washes slides were incubated for 10 min in a 1:1000 solution of 4’,6- diamidino-2-
phenylindole, dihydrochloride (DAPI, Invitrogen), followed by another 3 x 10 min PBS 
washes. Slides were then coverslipped using ProLong® Gold antifade reagent 
(Invitrogen).  
 
2.4.2 Chromogenic immunohistochemistry 
 Fixed and mounted slides were blocked and incubated in primary antibody as 
above, then incubated in a biotinylated goat anti-rabbit IgG secondary antibody (1:500; 
Jackson Laboratories) for 1 hr followed by PBS washes and avidin-biotin amplification 
solution (0.2% Triton X-100, avidin (1:500) and biotin (1:500) (Vector Laboratories) in 
PBS). After 3 further PBS washes, slides were transferred to a Ni-DAB chromogen 
solution (95mM NiSO4, 0.56 mM 3,3-diaminobenzidine (DAB, Sigma-Aldrich) and 175 mM 
sodium acetate in MilliQTM H2O) and the colour reaction was catalysed with 0.01% 
hydrogen peroxide and terminated by PBS immersion after appropriate staining had 
developed. Slides were coverslipped in ProLong® Gold antifade reagent.   
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Table 2.3. Primary antibodies used in thesis.  
IHC: immunohistochemistry, WB: Western blot 
Antigen Species 
specificity 
Concentration Source 
Green fluorescent protein 
(GFP) 
Rabbit polyclonal  1:500 IHC 
(sections); 
1:1000 IHC 
(cells) 
A6455 Invitrogen 
Green fluorescent protein 
(GFP) 
Chicken polyclonal  1:750 IHC ab13970 Abcam 
vGlut2 Rabbit polyclonal 1:750 IHC 135403 Synaptic 
systems 
DsRed Rabbit polyclonal 1:750 IHC 632496 Clontech 
Dcc Goat polyclonal 1:500 IHC sc-6535 Santa Cruz 
Ngfr Goat polyclonal 1:200 IHC af1157 R&D 
systems 
Phospho-p44/42 Mapk 
(Erk1/2) 
Rabbit monoclonal 1:500 IHC 4370 Cell Signaling 
Phospho-MEK1/2 Rabbit monoclonal 1:500 IHC 9154 Cell Signaling 
Reelin G10 Mouse 
monoclonal 
1:750 IHC MAB5364 Millipore 
Repulsive Guidance 
Molecule Family Member 
A (Rgma) 
Goat polyclonal 1:200 IHC af2458 R&D 
systems 
Green fluorescent protein 
(GFP)19C8 
Mouse 
monoclonal 
1:1000 IHC 
1:1000 WB 
Monoclonal 
Antibody Core 
Facility, Rockefeller 
University, USA 
Green fluorescent protein 
(GFP)19F7 
Mouse 
monoclonal 
1:1000 IHC 
1:1000 WB 
Monoclonal 
Antibody Core 
Facility, Rockefeller 
University, USA 
Green fluorescent protein 
(GFP) 
Rabbit polyclonal 1:1000 WB A11122 Thermo 
Fisher Scientific 
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2.5 Image acquisition and analysis 
 
2.5.1 Microscopy 
 All brightfield and fluorescence images were captured with 10x or 20x objectives 
using a Zeiss upright Axio-Imager Z1 microscope equipped with Axio- Cam HRc and HRm 
cameras, running AxioVision or Zen 2012 software (Carl Zeiss). MosaicZ (Carl Zeiss) was 
used to capture large images. The exception to this is the images showing synaptophysin-
GFP-positive puncta, which were acquired on the same microscopes at 40x using z-stack 
flattening with ApoTome deconvolution (Zeiss) and cell culture images, which were 
acquired at 40x using a Zeiss inverted Axio-Observer fitted with a W1 Yokogawa spinning 
disk module and Hamamatsu Flash4.0 sCMOS camera and Slidebook 5.5 software. 
Images were pseudocoloured, sized, cropped and contrast-brightness adjusted for 
presentation with Photoshop software (Adobe) and figures were constructed with Illustrator 
software (Adobe). 
 
2.5.2 Quantification of axonal projection fluorescence intensity  
 Analyses were performed on 2 – 3 sections per animal, spaced 200 µm apart and 
within the posteromedial barrel subfield, as identified by DAPI-stained cytoarchitectural 
landmarks, i.e., the horizontal alignment of the hippocampal CA3 region and dentate gyrus 
in the coronal plane (Paxinos et al., 2007). The width of each cortical layer and the entire 
cortical plate (revealed by DAPI staining) was measured with ImageJ at each age and 
experimental condition to design appropriately scaled and comparable regions of interest 
specific for each group. To quantify fluorescence densitometry of GFP-positive callosal 
projections, a custom program was developed in MATLAB (MathWorks). The average 
fluorescence intensity was determined across 200 evenly spaced horizontal bins 
throughout the entire cortical plate. Values were normalised by fluorescence intensity of 
the background tissue in the hippocampus to compare between different ages (see 
chapter 3), or normalised to fluorescence in the white matter directly underneath the region 
of interest between different experimental conditions of the same age (see chapter 4 and 
Figure 2.1 for example). For inter-layer analysis, the mean fluorescence intensity of a 
region comprising 50 µm depth at the centre of each layer was determined with DAPI 
staining. Otherwise, for comparisons between whole cortices, the entire 800 µm of cortical 
depth was averaged. Data were transformed to “Relative normalised fluorescence (% 
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control)” by dividing each mean fluorescence intensity value for a single animal in the 
experimental groups by the average fluorescence of the entire control group for each 
comparable bin (i.e. at the same depth of the cortical plate). Data are presented as mean ± 
SEM. Statistical differences between two groups were determined using unpaired two-way 
Student’s t tests or their non-parametric counterpart (Mann Whitney U test) if data were 
not normally distributed. 
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Figure 2.1. Depiction of parameters and output from custom MATLAB 
analysis program. 
A custom MATLAB program was designed to take average densitometric line scans 
across the width of the cortex for each section. Multiple sections and animals were then 
averaged to give a layer-specific average of fluorescence intensity across the cortex. WM: 
white matter, f/fwm: axonal fluorescence/fluorescence of underlying white matter. 
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Chapter 3. The anatomy, organisation and development of contralateral 
callosal projections of the mouse somatosensory cortex. 
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3.1 Introduction 
 
Disorders of the corpus callosum are relatively common in humans and 
consequently much research of the last 50 years has aimed to understand callosal 
function, development and anatomy, as well as the factors that perturb these (Aboitiz and 
Montiel, 2003; Gobius and Richards, 2011; Edwards et al., 2014). Historically, callosal 
anatomy has been studied using retrograde tracing techniques such as horseradish-
peroxidase or anterograde techniques such as the Fink-Heimer method for degenerating 
terminals (Yorke and Caviness, 1975). Although studies using these methods have 
revealed basic properties of callosal connections (such as a density of contralateral 
projections in the border between primary and secondary sensory regions) they have 
lacked adequate sample size, consistency and layer-specificity needed to provide 
definitive and accurate results. Thus, several seemingly-basic questions about the corpus 
callosum remain unresolved (Fenlon and Richards, 2015).  
Although callosal neurons generally extend axons into a contralateral region 
spatially similar (homotopic) to their site of origin, callosal neurons can also send axons 
into dissimilar (heterotopic) locations. Examples of these heterotopic projections include 
the primary or secondary sensory regions of the contralateral cortex and striatum (Boyd et 
al., 1971; Wilson, 1987; Veinante and Deschênes, 2003). However, a model system of a 
heterotopic projection that could be used to investigate this type of connection has not yet 
been fully characterised.  
Since the 1970s, there has been a general consensus that during development 
there is a transient exuberance of callosally-projecting cell bodies in regions of the brain 
that are acallosal in adults (Innocenti et al., 1977; Ivy et al., 1979; Ivy and Killackey, 1981; 
Olavarria and van Sluyters, 1985). However, perhaps due to the inherent variability of 
classic retrograde and anterograde tracing methods, a consensus has not yet been 
reached about where these extra axons grow in the contralateral cortex prior to retraction 
(Fenlon and Richards, 2015). Consequently, it has been difficult to begin investigations 
into the potential purpose of and mechanisms that regulate this process, as well as the 
effect of its disruption. Initial evidence indicated that callosal axons in the parietal and 
visual cortices of rodents primarily invade the contralateral hemisphere in the same 
tangential patterns as in adults (Ivy et al., 1979; Ivy and Killackey, 1981; Olavarria and van 
Sluyters, 1985). Alternately, there is evidence that callosal axons that would be retracted 
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may invade contralateral regions that are only sparsely innervated in the adult, although 
they are confined to lower cortical layer 6 (Innocenti, 1981; Innocenti and Clarke, 1984; 
Aggoun-Zouaoui and Innocenti, 1994). However, these findings have also been 
contradicted with results showing that sparsely innervated contralateral cortical areas of 
adult animals contain excess callosal axons throughout the entire cortical plate during 
development (Elberger, 1993; Ding and Elberger, 1994; Elberger, 1994a, b; Ding and 
Elberger, 2001). Thus, the nature of developmental exuberance of callosal projections has 
remained an enduring question in neuroscience. 
In utero electroporation is a recently-developed and increasingly-used anterograde 
labelling technique that provides the specificity and consistency to address such precise 
anatomical and developmental questions. The most specific and commonly utilised 
neuronal layer labelled using this method is L2/3, which can be achieved by 
electroporating at embryonic day (E) 15.5 in mice. This method has already been widely 
used to study many aspects of callosal development, including cell migration and 
projection (Mizuno et al., 2015; Zhang et al., 2015), axonal patterning (Sehara et al., 2010; 
Sehara et al., 2012), contralateral targeting (Mizuno et al., 2007; Wang et al., 2007; 
Mizuno et al., 2010; Huang et al., 2013; Zhou et al., 2013; Suárez et al., 2014b), axon 
branching (Courchet et al., 2013; Lu et al., 2013) and functional connectivity patterns 
(Petreanu et al., 2007). The callosum connecting the somatosensory cortex of mice 
(especially the barrel cortex) is a particularly suitable model system for commissural 
investigations due to its point-to-point topographical arrangement from the sensory 
periphery to the cortex, stereotypical cytoarchitectural features and full decussation.  
In this chapter, in utero electroporation is combined with retrograde tracing techniques and 
custom fluorescence analysis to provide a better understanding of the L2/3 contralateral 
callosal projections of the mouse somatosensory cortex as well as the general rules 
governing contralateral targeting of callosal axons.  
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3.2 Materials and methods 
 
3.2.1 Stereotaxic brain injections 
Adult (>P30) male and female CD1 mice were anaesthetised in an induction 
chamber and then by a mask with isoflurane (1 – 4% in oxygen at 200 mL/Kg/min) in a 
mouse stereotaxic unit. An incision was made in the skin to expose the skull, and small 
holes were drilled above appropriate coordinates relative to bregma corresponding to the 
right S1/S2 border (anterior-posterior = -1.34, medial-lateral = 3.5, dorsal-ventral = -1.9) 
and the right Insular/Perirhinal area (Ins/PRh) (anterior-posterior = -1.34, medial-lateral = 
4.35, dorsal-ventral = -3.65) (Paxinos et al., 2007). Carbocyanines 1,1’-Dioctadecyl-
3,3,3’,3’-Tetramethylindodicarbocyanine Perchlorate (DiI; Invitrogen) or 1,1’-Dioctadecyl-
3,3,3’,3’-Tetramethylindocarbocyanine 4-Chlorobenzensulfonate (DiD; Invitrogen) (10 
mg/mL dissolved in dimethyl sulfoxide) were then injected with a glass pulled pipette 
iontophoretically at 1 μA, 7 sec on/off alternation, 10 min each site. The two tracers were 
used alternately for each injection site between animals. Animals were sacrificed after 8 
days via transcardial perfusion and the brains were processed and cut coronally, as 
described in chapter 2. 
 
3.2.2 Cell counts 
Cells were counted in manually defined regions of interest using the ImageJ Cell 
counter plugin. 
 
3.2.3 Whisker plucking 
 Mystacial whiskers on the left side of the face were plucked with flat edged forceps 
every two days between P2 and P10 under a dissecting microscope. Pups were 
anaesthetised via hypothermia on ice. Less than 0.5 mm of regrowth was observed during 
each 2-day period.  
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3.3 Results 
 
3.3.1 Callosal axons project to discrete homotopic and heterotopic areas of the 
contralateral cortex in the juvenile and adult mouse. 
To consistently label callosal axons from S1 we performed in utero electroporation 
of eYFP in the presumptive S1 of E15.5 mice, and analysed animals with consistent 
labelling of L2/3 callosal neurons. In order to investigate the spatial distribution and 
developmental stability of these projections, we compared coronal brain sections collected 
at P10 and P50, and found that dense callosal projections to S1/S2 and Ins/PRh, as well 
as the sparse projections to S1 and S2, are present at P10 (Figure 3.1A) and are 
maintained into adulthood (Figure 3.1B). Next, we examined electroporated P10 brains in 
tangential flat-mounts (Figures 3.1C and D) and horizontal sections (Figures 3.1E and F) 
to characterise the spatial distribution of these projections with respect to each cortical 
area. We found that, whereas the S1/S2 projection innervates the entire laterocaudal edge 
of the principal whisker barrel subfield (Figure 3.1D), the Ins/PRh projection is confined to 
a smaller region at the borders between the posterior insular cortex and anterior perirhinal 
cortex both ipsilaterally and contralaterally (Figures 3.1C-F). 
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Figure 3.1. A characterisation of the callosal projections that result from 
L2/3 S1 in utero electroporation at E15.5.  
(A) Labelling these cells and examining the brain in the coronal plane at P10 (A’) reveals 
diffuse labelling of S1, a dense projection into the S1/S2 border region (A’’), diffuse 
labelling in S2 and a dense projection into the Ins/PRh cortex (A’’’). (B-B’’’) This pattern is 
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maintained into adulthood (P50). Tangential sections through the electroporated (C) and 
contralateral (D) hemispheres of a P10 brain, as well as more dorsal (E) and ventral (F) 
horizontal sections of a P10 electroporated brain, confirm a projection to the ipsilateral 
Ins/PRh region and that the S1/S2 projection extends along a longer anterior-posterior axis 
than the Ins/PRh projection in the contralateral hemisphere. Scale bars: 1000 μm for C-F, 
500 μm for A-B and C-D insets, 250 μm for A-B insets. 
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3.3.2 Homotopic and heterotopic callosal projections from S1 arise from distinct neuronal 
populations. 
Given that these findings are one of the first reported instances of a homotopic and 
heterotopic callosal projection arising from a single cortical area, it was important to 
determine whether these dense callosal projections originate from independent cell 
populations or whether single neurons branch to both targets. We performed double in 
vivo stereotaxic injections of DiI and DiD in S1/S2 and Ins/PRh and examined the spatial 
position and degree of colocalisation of retrogradely-labelled cell bodies in the 
contralateral hemisphere eight days later (Figure 3.2A). Retrograde-labelling from these 
two injection sites revealed fasciculated axon bundles in the callosal tract, with the S1/S2 
axons located more dorsally and the Ins/PRh axons more ventrally (Figure 3.2A’). 
Moreover, whereas most of the retrogradely-labelled cell bodies are located in regions 
homotopic to the injection sites (Figures 3.2A and 3.2B), some cells in each region also 
labelled with the dye corresponding to the heterotopic region (Figures 3.2A’’ and 3.2A’’’; 
arrowheads). However, regardless of the injection site or region of interest for cell-body 
quantifications, virtually no cells incorporated both dyes. Out of 447 total cells counted in 
the S1/S2 region of all double-injected animals, there were only three total cells in which 
the dyes were colocalised (Figure 3.2C). This suggests that, although neurons with 
homotopic and heterotopic projection phenotypes can be found across S1, the distinct 
contralateral projections observed from in utero electroporation arise from independent 
neuronal populations (Figures 3.2A and 3.2C).  
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Figure 3.2. Retrograde tracing experiments reveal the organisation of 
the S1/S2 and Ins/PRh projections.  
DiI/DiD (red/green) injections into the S1/S2 and Ins/PRh cortex showed a generally 
homotopic pattern of contralaterally labelled cell bodies (A) and a segregated arrangement 
within the white matter, where axons projecting to S1/S2 are located more dorsally than 
axons projecting to Ins/PRh (A’). There are, however, some retrogradely labelled cell 
bodies in the heterotopic location and these predominantly do not colocalise with 
homotopically labelled cells (A’’ and A’’’; arrowheads). These results are also reflected 
upon quantification of labelled cell number in different areas (B) and degree of 
colocalisation (C). n = 3 animals for each condition, 4-5 sections per animal, over 5000 
total cells were counted, with an average of 161 and 183 labelled contralateral cells 
counted per section from S1/S2 and Ins/PRh injections respectively. Scale bars: 1000 μm 
for A, 500 μm for A’, 100 μm for A’’ and A’’’.   
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3.3.3 Callosal projections enter the contralateral cortex in a dorsal-to-ventral and region-
specific manner 
 An important aspect of callosal connectivity is that axons form dense region- and 
layer-specific arbours in the contralateral hemisphere. However, how callosal axons 
develop this specific pattern of connectivity is currently unknown. We investigated the 
developmental sequence that callosal projections undergo when innervating the 
contralateral hemisphere by quantifying the relative number of YFP-positive callosal axons 
across cortical layers in the contralateral target regions (S1, S1/S2, S2 and Ins/PRh) over 
nine stages of postnatal development (P4, P5, P6, P7, P8, P10, P12, P15, and P20). 
Callosal axons reach the white matter of the contralateral cortex by P4 (Figure 3.3A), as 
previously shown (Wang et al., 2007). By P5, callosal axons start to innervate the deeper 
layers of S1 (yellow trace, Figure 3.3B), followed by the S1/S2 and S2 regions at P6 (red 
and purple traces, Figure 3.3C). This suggests that axonal innervation of the cortical plate 
follows a continuous dorsal-to-ventral progression, following the growth of the callosal 
tract. Intriguingly, less densely innervated callosal regions (for example S2; Figure 3.3 
purple traces) do not display periods of comparatively high axonal innervation, suggesting 
the involvement of a mechanism that regulates the initial region-specific targeting of these 
axons. This conclusion is strengthened by our frequent observation of early innervating 
axons that extend specifically into the cortical plate at the S1/S2 border but not in 
surrounding regions (Figure 3.3B’, arrowhead). Within the S1/S2 region, however, axons 
initially populate the cortical plate without layer-specific arborisation patterns (P7; Figure 
3.3D and D’), before starting to arborize by P8 in all layers except L4 (Figure 3.3E-I, red 
traces). In contrast to the earlier distinction of the S1/S2 projection, the Ins/PRh has a 
fluorescence intensity profile that is distinguishable from the other projections (S1 and S2) 
at P10 (Figure 3.3; green traces), a delay that could be explained by the dorsal-to-ventral 
sequence of innervation.  
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Figure 3.3. The development of contralateral axonal innervation of L2/3 
S1 callosal neurons.  
Photomicrographs and densitometric line-scans of axonal fluorescence intensity through 
S1 (yellow), S1/S2 (red), S2 (purple) and Ins/PRh (green) of mouse brains electroporated 
into L2/3 of S1 at E15.5 and collected at P4 (A) and P5 (B and B’). A detailed examination 
of the process of contralateral callosal targeting throughout development was obtained by 
examining stages P6 (C), P7 (D and D’), P8 (E and E’), P10 (F), P12 (G), P15 (H), and 
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P20 (I). The graphs represent the entire cortical thickness of each layer and are divided 
into six cortical layers that apply to S1, S1/S2 and S2 but not Ins/PRh, which is not a six-
layered structure. f/fbgtissue: axonal fluorescence/ fluorescence of background tissue. 
Data are represented as mean ± SEM. n ≥ 7 animals per age. Scale bars: 1000 μm for A-I 
and 100 μm for insets.   
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3.3.4 Spatially and temporally specific events of exuberance and elimination of callosal 
axons 
Whether and how callosal formation involves developmental exuberance and 
elimination of axons is currently unclear. For example, whether axonal exuberance and 
elimination is a homogeneous or region-specific process, and what is the transient fate of 
exuberant axons prior to elimination, remain unresolved questions (reviewed in Fenlon and 
Richards, 2015). To address this, we examined the temporal progression of callosal 
innervation across cortical layers and regions (Figure 3.4A-D). We found that the 
innervation of deeper and upper layers progresses in spatially and temporally distinct 
ways. In deeper layers, we observed a significant peak of axonal fluorescence by P7 
across all regions studied (S1, S1/S2, S2 and Ins/PRh), which by P20 drops to similar 
levels to those displayed during initial axon innervation in S1, S1/S2 and S2 (Figure 3.4E-
H). In contrast, axonal fluorescence in upper layers progressively increases until P10 
across all cortical regions. We also found spatial differences in the extent of axonal 
elimination. In the sparsely innervated S1 and S2, axonal presence in upper layers 
increases in a steady manner between P4 and P20 (Figure 3.4E and G) and there is no 
evidence of axonal retraction. However, in the more densely innervated projections to the 
S1/S2 border and to the Ins/PRh region, axonal presence in the upper layers peaks at P10 
and then shows a significant decline, although to a lesser extent than the pattern exhibited 
in deeper layers (Figures 3.4J and 3.4L). Taken together, these data identify two temporal 
and spatial events of axonal exuberance and elimination in the contralateral hemisphere: 
one that peaks at P7 in deeper layers for all cortical areas studied and another that peaks 
at P10 in the upper layers of the most densely innervated areas.  
  
  87 
 
 
Figure 3.4. Two periods of temporally, regionally and layer-specific 
developmental exuberance in L2/3 S1 callosal neuron projections.  
Densitometric fluorescence analyses of labelled axons were assessed over nine 
developmental stages to obtain average traces for each age across the cortical plate in S1 
(A), S1/S2 (B), S2 (C) and Ins/PRh (D) across different stages of development. The 
average fluorescence intensity of each layer reveals a distinct peak of fluorescence at P7 
(red) in L6 of all neocortical areas and possibly lower layers of Ins/PRh (E-H). The future 
sparsely innervated regions (S1 and S2) generally have a linear increase in fluorescence 
intensity in upper cortical layers (I and K), whereas the densely innervated regions trend 
towards a peak of fluorescence at P10, followed by slight retraction (J and L). f/fbgtissue: 
axonal fluorescence/ fluorescence of background tissue. Data are represented as mean ± 
SEM. n ≥ 7 animals per age. 
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3.3.5 Sensory deprivation affects the second but not the first peak of axonal exuberance 
Given that exuberance and elimination of callosal axons differ between layers and 
regions, and that disrupting activity during a critical period affects callosal projections in a 
layer- and region-specific manner (Suárez, Fenlon et al., 2014), a logical next question is 
whether and how sensory deprivation affects axonal exuberance and elimination. We 
performed unilateral cauterisations of one whisker pad on mouse pups at P3 (during the 
critical period of callosal development) and examined axon fluorescence at P7 and P10, 
during the two peaks of axonal exuberance. Sensory deprivation did not affect axonal 
innervation to any layer at P7 (Figure 3.5A-D), but decreased axonal presence in the 
arborized layers (L2/3 and L5) at P10 (Figure 3.5E-H). These results suggest that whereas 
the initial innervation of callosal axons is activity-independent, later arborisation and 
stabilisation of region-specific callosal connections require activity-dependent 
mechanisms. 
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Figure 3.5. Unilateral sensory deprivation inhibits developmental 
exuberance of axonal arbours but not initial axon targeting.  
Unilateral cauterisation at P3 results in no change in axonal innervation in any cortical 
layer of S1/S2 by P7 (A-D). However, the same manipulation causes a significant change 
in axonal presence in L2/3 and 5 (but not L6) when examined at P10 (E-H). f/fbgtissue: 
axonal fluorescence/ fluorescence of background tissue. Data are represented as mean ± 
SEM. n ≥ 7 animals per condition. Scale bars: 250 μm.  
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3.3.6 Plucking whiskers does not elicit the same callosal disruption as cauterisation 
After showing which specific stages of developmental exuberance were affected by 
unilateral whisker cauterisation, we were next interested in understanding the degree of 
sensory deprivation necessary to elicit this effect. Whiskers of E15 electroporated mice 
were plucked unilaterally every two days between P2 and P10 and the S1/S2 projection 
was examined at P10 and P50. Significantly, even though the whiskers were never 
allowed to grow more than 0.5 mm, this manipulation did not cause a disruption in the 
S1/S2 projections when examined at P10 (Figure 3.6A-D) or P50 (Figure 3.6E-H).  
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Figure 3.6. Plucking whiskers does not disrupt the S1/S2 projection.  
(A-D) Animals electroporated with eYFP at E15.5 that have had their facial whiskers 
unilaterally plucked every two days from P2 to P10 and sacrificed at P10 (n = 16) do not 
have a disrupted S1/S2 projection compared to P10 control mice (n = 12). (E-H) Animals 
that had their facial whiskers unilaterally plucked every two days from P2 to P10 and 
sacrificed at P50 (n = 4) also do not show a difference in S1/S2 projection density 
compared to control P50 mice (n = 10). f/fwm: axonal fluorescence/fluorescence of 
underlying white matter. Data are represented as mean ± SEM. n ≥ 4 animals per 
condition. Scale bars: 300 μm for A and B, 350 μm for E and F. 
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3.3 Discussion 
 
3.3.1 The implications of a heterotopic callosal projection 
The presence of a stable heterotopic projection to the Ins/PRh cortex arising from a 
population of neurons in the contralateral S1 provides an excellent model system with 
which to compare and contrast the developmental mechanisms driving homotopic versus 
heterotopic callosal targeting. Given the high lateralisation of the human brain, it is 
tempting to speculate that the mechanisms driving heterotopic callosal projection 
development are especially relevant to humans, as these would include connections 
between the lateralised regions of each hemisphere. Indeed, many of the cognitive 
functions associated with highly lateralised areas (such as language) are affected in 
disorders of the corpus callosum (Bloom and Hynd, 2005), indicating that these 
“heterotopic” connections may have behavioural significance. Although this study focused 
on the contralateral callosal projections, it would be pertinent to investigate whether the 
presence of an ipsilateral projection to the same location as the contralateral heterotopic 
projection is a common feature of heterotopic connectivity, and whether or not they arise 
from the same cell bodies. The identity of the separate populations of neurons that give 
rise to each of the contralateral projections, as well as their respective functions and the 
behavioural result of their disruption are also intriguing topics for future studies. 
 
3.3.2 An updated model of dorsal-ventral region-specific callosal innervation 
 The finding that initial innervation of the contralateral cortical plate generally occurs 
dorsoventrally and region-specifically has vast implications for our understanding of the 
mechanisms that drive contralateral targeting of the corpus callosum. Contralateral callosal 
innervation (of the primary motor and somatosensory cortices) occurs in a dorsomedial to 
ventrolateral pattern dependent on dorsoventral axon position within the tract (Zhou et al., 
2013). This latter finding prompted the authors to hypothesise that callosal axons thus 
innervate different areas of the contralateral cortex in response to a ubiquitously 
expressed cue, and that primarily physical forces of tract position govern their final targets. 
This is indeed likely to be a general mechanism regulating the broad targeting of callosal 
axons, however, our findings of region-specific axonal innervation in distinct dorsomedial 
to ventrolateral locations (e.g. S1/S2, Ins/PRh) indicate that more refined cues additionally 
regulate initial innervation into the cortical plate. This finding may prompt further studies to 
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investigate the specific cues regulating contralateral callosal targeting and to understand 
the results of its misregulation.  
 
3.3.3 Contralateral callosal exuberance occurs at two different region- and layer- specific 
stages 
 Here, axonal innervation over many ages and animals has been quantified to 
provide conclusive answers about the pattern of callosal axonal exuberance in the 
contralateral somatosensory cortex of mice. The findings support the conclusion that there 
are two distinct periods of developmental exuberance in this system. The first is an 
exuberance of axons that peaks at P7 in L6 of both densely and sparsely innervated adult 
callosal regions. Given the timing of this peak (when growth cones are beginning to 
innervate the cortical plate), it is likely that this period of exuberance represents a 
“sampling” of L6, and that axons subsequently either retract or receive cues that prompt 
them to innervate the overlying cortex, as previously hypothesised in cats (Innocenti, 1981; 
Innocenti and Clarke, 1984; Aggoun-Zouaoui and Innocenti, 1994). The second type of 
developmental exuberance occurs only in the cortical plate, above L6, of more densely 
innervated callosal regions, and peaks at P10 after which there is a decrease in 
fluorescence intensity. Given the timing of this exuberance, it is likely that it represents an 
exuberance of arborisation that is then decreased, possibly due to a period of excess 
synaptic connections that are then pruned, as previously described in cat (Aggoun-
Zouaoui et al., 1996; Bressoud and Innocenti, 1999). It is unclear from these data whether 
the retraction from this second developmental exuberance involves whole axonal 
retraction or only arbour pruning, however the presence of a similar (although non-
significant) pattern in the relatively un-arborised L4 of the S1/S2 projection (Figure 3.5B) is 
suggestive of some axonal retraction. Thus, the question of where exuberant callosal 
axons project before retraction appears to be a mixture of a number of the aforementioned 
models and dependent on stage, layer and region. This finding may explain why this 
question has produced many conflicting answers between and within model systems over 
the past decades. 
 
3.3.4 The differential activity-dependence of the two stages of contralateral callosal 
exuberance may provide insight into targeting mechanisms  
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 Although it has previously been shown that contralateral callosal targeting is 
affected by an absence of sensory activity in both the visual (Mizuno et al., 2007, 2010) 
and somatosensory (Wang et al., 2007; Huang et al., 2013; Fenlon and Richards, 2015) 
systems, little is understood about the activity-dependence of the newly-described two 
stages of developmental exuberance. The finding that only the later (P10) and not the 
earlier (P7) period was affected by this manipulation provides further insight into the 
function of these exuberant periods. For instance, it is feasible that the first exuberance 
into the cortical plate at P7 involves axons sampling the environment for cues, some of 
which may be particular aspects of neuronal activity, and thus is an activity-independent 
process. However, the subsequent stabilisation and arborisation of these axons in the 
cortical plate appears to be activity-dependent in some regions and layers. This model is 
consistent with previous evidence showing that sensory manipulations until P7, but not 
later, result in disrupted callosal targeting in mice (Huang et al., 2013). 
 
3.3.5 The dependence of callosal targeting upon integral sensory systems is more 
nuanced than previously understood 
 The finding that whisker plucking does not affect callosal development in the same 
way as whisker cauterisation suggests that these types of sensory deprivation produce 
different alterations in cortical activity. Indeed, morphological differences in the developing 
cortex arising from these two approaches have been shown previously, where L4 barrels 
are disrupted upon whisker cauterisation (Van der Loos and Woolsey, 1973) but not upon 
plucking without follicle damage (Weller and Johnson, 1975). However, despite this, 
electrophysiological recordings demonstrate altered cortical representations after whisker 
plucking, indicating that the brain is indeed receiving altered sensory input (Fox, 1992). A 
previous study found changes in some types of coordinated patterns of oscillatory activity 
in the developing mouse brain upon lidocaine injection into the whisker pad (Yang et al., 
2009); however it is unclear whether this manipulation would be more akin to whisker 
cauterisation, plucking, or neither. It would therefore be pertinent to examine the 
electrophysiological properties of developing mouse brains under these two different 
sensory deprivation paradigms, as any differences may be likely candidates for regulating 
callosal development. 
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Chapter 4. Balanced interhemispheric cortical activity is required for 
correct targeting of the corpus callosum 
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4.1 Introduction 
 
 It is traditionally thought that molecular guidance cues are primarily involved in 
establishing the gross organisation of the cortex, whilst electrical activity later refines and 
maintains connections by synchronising activity within and between local networks and 
large scale brain areas (Hanganu-Opatz, 2010). For example, despite the importance of 
sensory input for the development of postnatal cytoarchitectural features, such as barrels, 
initial thalamocortical targeting and cortical innervation is not affected by an absence of 
vesicle release in Snap25 knockout mice (Molnár et al., 2002; Blakey et al., 2012). 
However, it has become increasingly apparent that electrical activity can regulate the initial 
establishment of circuits, as well as their later consolidation and refinement (Catalano and 
Shatz, 1998; Dantzker and Callaway, 1998; Ming et al., 2001). More recently, the corpus 
callosum has been increasingly used as a model system to assess how activity affects 
axonal targeting. 
 Early evidence demonstrating that sensory input is required for correct callosal 
development came from studies showing a disruption in cortical connections upon sensory 
deprivation in both the visual (Frost and Moy, 1989; Zufferey et al., 1999) and 
somatosensory (Koralek and Killackey, 1990) systems. This finding has been refined in 
more recent work utilising in utero electroporation to label and/or modify the activity of 
callosal neurons and particularly focusing on callosal connections to the contralateral 
hemisphere that form a dense projection between the border of the primary and secondary 
sensory areas in both the visual and somatosensory systems. In the visual system, these 
projections are disrupted by unilaterally disturbing the endogenous activity of callosal 
neurons or their targets (Mizuno et al., 2007). Similar results were found in the 
somatosensory system, where either generalised disruption of endogenous activity or 
neurotransmitter blockade of callosal neurons caused a perturbed contralateral projection 
to the S1/S2 border (Wang et al., 2007). It was further shown in the visual system that 
disturbed pre-synaptic activity disrupts axon growth, branching, layer-specific targeting and 
arbour elaboration, whereas disturbing post-synaptic activity only disturbs arbour 
elaboration (Mizuno et al., 2010).  
 However, at the initiation of this project, it was unclear how manipulations of activity 
in both cortical hemispheres might affect callosal targeting. For instance, given that activity 
disruption to either callosal neurons or their contralateral targets results in disturbed 
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callosal targeting, it was possible that disrupting both led to an even more severe 
morphological phenotype than either alone. Conversely, as callosal axons connect regions 
in each hemisphere that are receiving similar thalamic input, it was possible that callosal 
development is somehow regulated by a comparison of these regions. 
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4.2 Results 
 
This chapter is based on the publication: 
Suárez, R.*, Fenlon, L.R.*, Marek, R., Avitan, L., Sah, P., Goodhill, G. J., Richards, L. J. 
(2014). Balanced Interhemispheric Cortical Activity is Required for Correct Targeting of the 
Corpus Callosum. Neuron. 82(6): 1289-1298; doi: 10.1016/j.neuron.2014.04.040. 
*These authors contributed equally 
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Summary 
 Bilateral integration of sensory and associative brain processing is achieved by 
precise connections between homologous regions in the two hemispheres via the corpus 
callosum. These connections form postnatally, and unilateral deprivation of sensory or 
spontaneous cortical activity during a critical period severely disrupts callosal wiring. 
However, little is known about how this early activity affects precise circuit formation. Here, 
using in utero electroporation of reporter genes, optogenetic constructs and direct 
disruption of activity in callosal neurons combined with whisker ablations, we show that 
balanced interhemispheric activity, and not simply intact cortical activity in either 
hemisphere, is required for functional callosal targeting. Moreover, bilateral ablation of 
whiskers in symmetric or asymmetric configurations shows that spatially symmetric 
interhemispheric activity is required for appropriate callosal targeting. Our findings reveal a 
novel principle governing axon targeting in which spatially balanced activity between 
regions is required to establish their appropriate connectivity. 
 
Running Title: Balanced activity guides callosal development 
 
Highlights: 
- Callosal wiring defects result when early cortical activity is bilaterally dissimilar 
- Functional callosal circuits form after bilateral but not unilateral whisker removal 
- Normal callosal wiring requires balanced sensory or endogenous cortical activity 
- Bilateral spatial symmetry of whisker input is instructive for callosal wiring   
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Introduction 
 The development of functional brain circuits involves the sequential regulation of 
early stages of neuronal differentiation and axonal growth and guidance by morphogenic 
and guidance molecular cues, followed by later stages of axonal arborization and synaptic 
refinement, mediated by spontaneous and sensory-evoked electrical activity (Katz and 
Shatz 1996; Goldberg et al. 2002; Spitzer 2006; Mire et al. 2012). Early neuronal activity 
critically affects brain development in three main ways. First, the endogenous pattern of 
activity in a given neuron affects its axonal growth rate and responses to external cues 
(Cohan and Kater 1986; Fields et al. 1990; Ming et al. 2001; Goldberg et al. 2002; Tang et 
al. 2003; Hanson and Landmesser 2004; Mire et al. 2012). Second, the relative patterns of 
activity between individual axons projecting to the same targets can determine competitive 
interactions between them, ultimately affecting wiring patterns, as has been well 
documented in the visual system (Casagrande and Condo 1988; Penn et al. 1998; 
Huberman et al. 2006; Fredj et al. 2010; Zhang et al. 2012; Furman et al. 2013). Finally, 
manipulation of the activity of either pre- or postsynaptic neurons can also affect axonal 
wiring patterns (Zhang et al. 1998; Yamada et al. 2010). Such is the case in the 
development of interhemispheric connections, where the targeting of callosal axons is 
impaired when activity is disrupted in either the cell bodies of projecting axons, or in their 
contralateral targets (Mizuno et al. 2007; Wang et al. 2007; Mizuno et al. 2010). However, 
it is not clear whether particular aspects of activity are independently required in both 
projecting neurons and their targets, or if instead a balance of activity between regions is 
sufficient for precise interhemispheric wiring. 
 Here, we investigate the role of early activity in the development of interhemispheric 
cortical connections of the corpus callosum. This commissure is the largest fiber tract in 
the eutherian brain, allowing bilateral integration of lateralized brain processes (Gazzaniga 
2000; Shuler et al. 2001; Shuler et al. 2002) and interhemispheric transfer of sensory input 
(Ebner and Myers 1962; Calford and Tweedale 1990). Callosal axons connect mainly 
homotopic (Yorke and Caviness 1975; Krubitzer et al. 1998; Catania and Kaas 2001; Zhou 
et al. 2013), but also heterotopic cortical regions (Boyd et al. 1971; Kretz and Rager 1990), 
including projections arising from cells in primary sensory areas of one hemisphere that 
end in dense terminals at the border between the corresponding primary and secondary 
sensory areas of the contralateral hemisphere (Innocenti and Fiore 1976; Wise and Jones 
1976; Ivy and Killackey 1981). Formation of these callosal projections occurs at postnatal 
stages in rodents and is prevented by unilateral disruptions of sensory input (Innocenti and 
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Frost 1979; Olavarria et al. 1987; Koralek and Killackey 1990) or excitability of cortical 
neurons via overexpression of Kir2.1, a hyperpolarizing inward-rectifying potassium 
channel (Mizuno et al. 2007; Wang et al. 2007; Mizuno et al. 2010). It has previously been 
shown that both sensory deprivation of the whisker pad (Yang et al. 2009) and 
overexpression of Kir2.1 in cortical neurons (Yamada et al. 2010) affect the electrical 
activity of the cortex, which suggests that their effect on the development of callosal 
projections are due to altered cortical activity. However, exactly how activity affects 
interhemispheric targeting is not known. As the corpus callosum connects homotopic 
regions of both hemispheres, each receiving similarly organized thalamic afferents, we 
hypothesized that similar cortical activity between hemispheres guides the establishment 
of correct interhemispheric connections.  
 To address this, we examined the formation of callosal projections in the 
somatosensory cortex. In mammals, unlike the visual system, somatosensory pathways 
are entirely decussated, making it possible to examine the effects of specifically altering 
peripherally or cortically driven activity in one or both hemispheres. We show that, 
whereas unilateral disruptions of either peripherally or cortically driven activity impair 
somatosensory callosal targeting, bilateral manipulations result in a rescue of projections. 
To examine this further, we altered the spatial arrangement of functional whiskers on each 
side of the face and found that only bilaterally symmetric patterns of sensory input result in 
a rescue of callosal projections. We conclude that balanced neuronal activity between 
interhemispheric homotopic regions is necessary during development for normal callosal 
targeting.  
 
Results 
Normal callosal targeting requires bilaterally balanced thalamocortical input. 
 To specifically label callosal neurons, and their axonal projections in mice, the 
fluorescent tag eYFP was expressed in layer (L) 2/3 of primary somatosensory cortex (S1) 
by in utero electroporation at embryonic day (E) 15.5 (Figures 1A and 1B). These callosal 
axons cross the midline and arborize profusely at the border between S1 and the 
secondary somatosensory cortex (S2) by the end of the first postnatal week, when they 
achieve an adult-like innervation pattern (Wise and Jones 1978; Ivy and Killackey 1981; 
Wang et al. 2007) (Figures 1A and S1). At postnatal day (P) 3, we disrupted the sensory 
inputs to S1 by cauterizing the follicles of the mystacial whiskers on one or both sides of 
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the face, and examined the patterns of callosal innervation at P10 (Figure 1B). Whisker 
cauterization at this stage prevents the formation of thalamocortical barrels in L4 of S1 
(Figures 1C-1E), which have a topographic one-to-one spatial relationship with whiskers 
on the contralateral side of the face (Woolsey and Van Der Loos 1970). This prevents 
regrowth of whiskers (Figure S1K-S1M) and ensures full disruption of barrels, which are 
not affected by other methods of sensory deprivation such as whisker plucking (Fox 
1992). Unilateral ablation of sensory afferents to the electroporated hemisphere (n = 6) 
resulted in a disruption of contralateral callosal projections to all cortical layers of the 
S1/S2 border region as compared to controls (n = 7; P < 0.01; Figures 1F and 1G, and 
S1A and S1B). Similarly, sensory deprivation of the non-electroporated (target) 
hemisphere (n = 8) also resulted in a disrupted S1/S2 projection compared to control (L1, 
P < 0.01; L2/3, P < 0.01; Figure S1C-S1E). This result is consistent with previous findings 
in the visual system, in which callosal projections are affected when activity is disrupted in 
either the cell bodies of callosal neurons or in their contralateral targets, with cell body 
disruptions showing a more severe phenotype (Mizuno et al. 2010). Therefore, for all 
further analysis we manipulated inputs to the cell bodies to ensure a maximal baseline of 
callosal disruption. Previous studies reporting disruption of the S1/S2 callosal projection 
under unilateral ablations of peripheral or thalamic afferences to S1 have suggested that a 
reduced input to the cortex may explain this effect (Koralek and Killackey 1990). This 
proposal would predict that cauterization of the whiskers on both sides of the face would 
result in a similar, or even greater disruption of callosal targeting. Surprisingly, however, 
we observed the opposite effect: bilaterally cauterized animals (n = 8) showed a 
significant rescue of callosal projections to S1/S2 when compared to animals with 
unilateral cauterization (L1, P < 0.05; L2/3, P < 0.01; Figures 1F-1I; quantification of 
fluorescence normalized by the underlying white matter (f/fwm) is expressed on the right 
and in subsequent figures as a relative percentage of control). This effect was also 
observed in adult (P50) animals that received unilateral (n = 7), bilateral (n = 4) or no 
cauterization (n = 6) at P3 (L2/3 P < 0.05; Figure S1F-S1J). This demonstrates that this 
effect is not transient but rather persists into adulthood and may underlie enduring 
differences in connectivity and function. Taken together, these findings indicate that the 
total magnitude of sensory input may be less important for callosal targeting to S1/S2 than 
its interhemispheric balance.  
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Figure 1: Unilateral cauterization disrupts S1/S2 callosal projection 
formation whereas bilateral cauterization results in a partial rescue.  
(A) Coronal section of a control P10 mouse brain after electroporating eYFP in utero at 
E15 in S1 (cell bodies) showing contralateral projections to the S1/S2 border (rectangle) 
and the insular/perirhinal cortex (Ins/PRh). Scale bar, 1 mm. (B) Schematic of the 
experimental procedure. (C-E) Vesicular glutamate transporter 2 (VGlut2) staining of 
control, unilaterally cauterized and bilaterally cauterized animals, respectively showing the 
presence (arrowheads) or disruption (asterisks) of barrels at P10. Scale bar, 500 μm. (F-
H) Representative examples of the S1/S2 callosal projection of control (n = 7), unilaterally 
cauterized (n = 6), and bilaterally cauterized (n = 8) animals respectively. Scale bar, 200 
μm. (I) Quantification of fluorescence intensity across layers normalized by fluorescence 
of the underlying white matter (f/fwm) in the S1/S2 region shows a decrease in 
fluorescence for unilaterally cauterized animals and a partial rescue for bilaterally 
cauterized animals. Data is presented as absolute traces (left) and after transformation to 
relative percentage of controls (right) in order to standardize comparisons and avoid 
unnecessary data repetition (see Figure S1R for details). Each value comprising the blue 
and red traces on the left were divided by the corresponding value of the control (black) 
trace to produce the graph on the right (mean +/- SEM). Subsequent fluorescence 
intensity data will be presented as a relative percentage of control unless stated 
otherwise. Student’s t test: *P < 0.05, **P < 0.01. See also Figure S1.  
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Activity-dependence of somatosensory callosal targeting is region-specific 
 Previous studies assessing the role of early activity on callosal wiring have focused 
on targets to the S1/S2 region, but whether other contralateral targets of callosal neurons 
from L2/3 of S1 (see Figure 1A) show similar effects has not been investigated. Thus, we 
next set out to examine the effect of differential cauterization manipulations on the sparse 
callosal projections to the contralateral S1 and a dense projection to the insular/perirhinal 
cortex (Ins/PRh; Figure 2A). We found that neither unilateral (n = 6) nor bilateral (n = 8) 
cauterization manipulations altered the callosal projection to S1 compared to control (n = 
7; Figures 2B-2E, and Figure S2A). Similarly, the Ins/PRh projection was not affected by 
unilateral (n = 6) or bilateral (n = 8) cauterization manipulations compared to control (n = 8; 
Figures 2F-2I, Figure S2B). This provides the first indication, to our knowledge, of different 
rules affecting the development of discrete callosal projections from the same population 
of cells. 
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Figure 2: Whisker cauterization does not affect callosal projections to 
the contralateral S1 and Ins/Prh regions.  
(A) Schematic of the locations of callosal projections shown in B-H. (B-D) Representative 
examples of S1 projections in control, unilateral and bilateral cauterization conditions. (E) 
Quantification of normalized fluorescence of callosal projections to S1 as a relative 
percentage of control (Unilat caut, n = 6; Bilat caut, n = 8; Control, n = 7) shows no 
significant differences between conditions (mean +/- SEM). (F-H) Representative 
examples of callosal projections to the Ins/PRh region for each cauterization condition. (I) 
Normalized fluorescence intensity analysis for callosal projections to the Ins/PRh region 
(Unilat caut, n = 6; Bilat caut, n = 8; Control, n = 8) also showed no significant differences 
between conditions (mean +/- SEM). Scale bar, 300 μm. See also Figure S2. 
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The S1/S2 projection is functionally disrupted under unilateral whisker deprivation 
but rescued under bilateral whisker deprivation.  
 Next, we sought to evaluate whether the S1/S2 callosal projection in bilaterally 
cauterized animals was functionally rescued by comparing the presynaptic and 
postsynaptic integrity of the contralateral S1/S2 innervation between treatments. To 
quantify presynaptic terminals, we performed in utero co-electroporation of the presynaptic 
marker synaptophysin-GFP and the membrane-directed fluorophore Myr-tdTomato 
(Harwell et al. 2012) at E15.5 in callosal neurons of S1, and determined the number of 
green fluorescent puncta in individual axons of the contralateral S1/S2 region at P10. 
Interestingly, we found no difference between conditions, suggesting that although 
unilaterally cauterized animals had fewer axons terminating in L2/3 than either control or 
bilaterally cauterized animals, the number of synapses per unit of axonal length was not 
affected by the manipulations (Figures 3A-3D). The integrity of postsynaptic targets was 
then assessed using an optogenetic approach (Petreanu et al. 2007), which revealed that 
functional connectivity of callosal axons was fully rescued in bilaterally cauterized animals. 
We expressed channelrhodopsin-2 in S1 callosal neurons by in utero electroporation at 
E15.5. Whole-cell recordings were obtained from L2/3 neurons of the contralateral S1/S2 
region, and callosal afferents to these cells were photostimulated using whole field 470 nm 
light pulses (5ms) (Figure 3E). Recordings were made from three types of neurons: 
intrinsically bursting and regular spiking pyramidal neurons, and fast spiking interneurons 
(Figure S3). For quantitative analysis between whisker cauterization treatments the two 
types of pyramidal neurons were considered collectively, as their electrical properties and 
magnitude of callosal input did not differ (Figure S3B-S3D). We also filled select neurons 
with biocytin after recordings and confirmed the morphological identity of pyramidal and 
interneuron cell types (Figures 3F and 3G). As compared to controls (n = 7), significantly 
fewer L2/3 pyramidal neurons in the S1/S2 region of unilaterally cauterized animals (n = 8) 
were activated by photostimulation of callosal terminals (innervation rate, P < 0.001; 
Figure 3H). In contrast, bilaterally cauterized animals (n = 7) had a significantly higher 
innervation rate of pyramidal neurons than unilaterally cauterized animals (P < 0.05; 
Figure 3H). A similar pattern was found for interneurons, where unilaterally cauterized 
animals (n = 5) had a smaller innervation rate than control animals (n = 6; P < 0.05), while 
bilaterally cauterized animals (n = 4) did not differ from controls (Figure 3I). Next, we 
compared the postsynaptic responses of cells activated by photostimulation of callosal 
terminals. We found that pyramidal neurons of unilaterally cauterized animals (n = 8) have 
significantly smaller amplitude of the excitatory postsynaptic current (EPSC) than controls 
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(n= 7; P < 0.05), while bilaterally cauterized animals showed a significant rescue (n = 7; P 
< 0.01; Figure 3J). These findings indicate that while unilaterally cauterized animals have 
a reduction in the number of callosal inputs that each neuron receives compared to 
control, this is rescued in bilaterally cauterized animals. Because of the small number of 
callosally innervated L2/3 interneurons in the unilaterally cauterized condition (2 out of 16 
cells examined in 7 animals) we were not able to perform a comparison of EPSCs 
between interneurons. Nevertheless, to assess whether the effects were exclusively due 
to changes in callosal connectivity and not to altered inputs from other presynaptic 
sources we compared the spontaneous excitatory events in L2/3 pyramidal neurons 
between conditions. We found no significant differences in either the frequency or 
amplitude of the miniature EPSCs recorded in the absence of stimulation in control (n = 
7), unilaterally cauterized (n = 8) or bilaterally cauterized (n = 7) animals (Figures 3K and 
3L), demonstrating that the postsynaptic differences observed between the cauterization 
treatments upon photostimulation of callosal fibers are due to functional changes in 
callosal connectivity. Together, these results show that functionally active callosal 
connections are formed even in the absence of sensory input and that a bilaterally 
balanced contribution of input is crucial to functional brain wiring.  
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Figure 3: Functional integrity of pre- and postsynaptic components of 
the S1/S2 callosal projection in control and cauterized animals.  
(A-C) Representative examples of tdTomato-expressing axons (red) with presynaptic 
terminals expressing synaptophysin-GFP (green) in L2/3 of the S1/S2 callosal projection 
of control (n = 8), unilaterally cauterized (n = 9), and bilaterally cauterized (n = 9) animals 
respectively. (D) Quantification of presynaptic terminals (green puncta) per μm of 
tdTomato-positive axon in each condition showed no differences between conditions 
(mean +/- SEM). (E) Schematic of L2/3 neuron recordings upon photostimulation of S1/S2 
callosal terminals expressing channelrhodopsin-2. (F and G) Representative examples of 
a L2/3 pyramidal neuron and an interneuron filled with biocytin after recordings. (H and I) 
Synaptic innervation rate (percentage of recorded cells that were activated by callosal 
photostimulation) of pyramidal neurons (n = 7, control; n = 8, unilaterally cauterized; n = 7, 
bilaterally cauterized animals) and interneurons (n = 6, control; n = 5, unilaterally 
cauterized; n = 4, bilaterally cauterized animals) in L2/3 of the S1/S2 region (mean +/- 
SEM). (J) EPSC amplitude of pyramidal neurons in L2/3 of S1/S2 for each condition (n = 
7, control; n = 8, unilaterally cauterized; n = 7, bilaterally cauterized animals) showing a 
significant decrease and rescue in unilaterally and bilaterally cauterized animals, 
respectively (mean +/- SEM). Representative traces of EPSCs evoked by 5 ms 
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photostimulation of callosal terminals (blue bars) are shown on the right. (K) Average 
frequency and amplitude (L) of spontaneous mEPSCs of pyramidal neurons in the 
absence of photostimulation did not differ between conditions (n = 7, control; n = 7, 
unilaterally cauterized; n = 7, bilaterally cauterized animals; mean +/- SEM). Mann-
Whitney U test: *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars represent 25 μm (A-C, top 
panels); 50 μm (F and G). See also Figure S3. 
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Normal callosal targeting requires a balance of endogenous activity between 
hemispheres 
 The formation of functional callosal projections in bilaterally cauterized animals 
could be exclusively due to matching thalamic input to the cortex or could reflect a more 
general requirement of balanced cortical activity between hemispheres. To investigate 
this, we compared callosal projections after disrupting electrical activity directly in L2/3 
callosal neurons in one or both hemispheres, while leaving the sensory periphery intact. 
We reduced neuronal excitability by co-electroporating in utero the inward rectifier 
potassium channel Kir2.1 and eYFP in one hemisphere alone, or followed by co-
electroporation of the contralateral S1 with Kir2.1 and the red fluorescent tag DsRed 
(Figure 4A). Using two different fluorophores allowed us to select animals with bilaterally 
homologous electroporation sites within S1. Neurons expressing Kir2.1 (n = 9) were less 
excitable, showing a more hyperpolarized resting membrane potential (P < 0.001; Figure 
4B), a longer first-spike latency (P < 0.01; Figure 4C), a lower input resistance (P < 0.001; 
Figure 4D) and a characteristic inward-rectifying current-voltage relationship (Figure 4E), 
as compared to control cells (n = 7). Notably, the integrity of thalamocortical barrels in L4 
was not affected by this treatment, as revealed by VGlut2 immunohistochemistry (Figure 
4F, arrowheads). Previous studies have shown that unilateral expression of Kir2.1 in 
callosal neurons disrupts contralateral projections to the border of the primary and 
secondary cortices, leading to the proposal that intrinsic neuronal activity is critically 
required for callosal wiring (Mizuno et al. 2007; Wang et al. 2007; Mizuno et al. 2010). We 
confirmed those findings in our experiments (Figure 4G). However, similar to our previous 
results, disrupting the activity of L2/3 callosal neurons in both hemispheres (n = 7) 
resulted in a significant rescue of callosal projections to L2/3 of the S1/S2 border, as 
compared to unilateral Kir2.1 expression (n = 9; percentage of control, L2/3, P < 0.05; 
Figures 4G-4I, and Figure S4A and S4B). The other contralateral callosal projections were 
not affected by unilateral Kir2.1 expression (S1, n = 9; Ins/PRh, n = 5), or bilateral Kir2.1 
expression (S1, n = 7; Ins/PRh, n = 5) as compared to control (S1, n = 7; Ins/PRh, n = 8; 
Figure 4J-4O, and Figure S4C and S4D), again showing that this effect is region-specific, 
and that expression of Kir2.1 does not result in a generalized disruption of axonal growth. 
The presence of barrels in L4 regardless of Kir2.1 expression demonstrates that 
innervation of thalamocortical axons is not sufficient for callosal targeting, and excludes 
the possibility of differential axonal competition between thalamic and callosal terminals. 
Together, these results suggest that the requirement of an early postnatal 
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interhemispheric balance for callosal targeting to S1/S2 can either be sensory or cortically 
driven. 
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Figure 4: Direct manipulation of cortically driven activity recapitulates 
the unilateral and bilateral effects of sensory disruptions.  
(A) Schematics of Kir2.1 overexpression. Bilateral electroporations were performed at 
least 50 minutes apart to avoid interventricular transfer of plasmids. (B-E) Whole-cell 
recordings of callosal neurons overexpressing Kir2.1 (n = 9, black) and controls (n = 7, 
gray), recorded from the same animals (n = 3), reveals significant differences in the 
resting membrane potential (B), latency of first spike (C) to stimulation (arrow, right 
traces), input resistance (D) and current-voltage relationship (E), demonstrating that Kir2.1 
overexpression effectively reduced excitability of transfected neurons (mean +/- SEM). (F) 
VGlut2 staining (red) shows the presence of intact barrels (arrowheads) when Kir2.1 is 
expressed in L2/3 cortical cells. (G-O) Representative examples and quantification of 
normalized fluorescence intensity across layers as relative percentage of controls 
revealed significant differences of the callosal projections to S1/S2 (G-I; n = 9, unilateral; n 
= 7, bilateral; n = 7, controls), but not to S1 (J-L; n = 9, unilateral; n = 7, bilateral; n = 7, 
control), or to Ins/PRh (M-O; n = 5, unilateral; n = 5, bilateral; n = 8, control; mean +/- 
SEM). Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar represent 500 μm 
(F); 200 μm (G and H); 300 μm (J-N). See also Figure S4. 
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Bilateral spatial symmetry of somatosensory input is required for callosal targeting 
 Our results thus far have shown that a balance of either sensory input or cortical 
excitability is required for callosal S1/S2 targeting. However, whether a broad balance of 
cortical activity is sufficient for callosal targeting to S1/S2, or instead a spatially precise 
interhemispheric matching of inputs is required is not known. During the first postnatal 
week of rats, oscillatory waves of the local field potential propagate spatially across cortical 
areas (Garaschuk et al. 2000; Khazipov and Luhmann 2006; Minlebaev et al. 2011; 
Khazipov et al. 2013), and become increasingly synchronized between hemispheres in a 
point-to-point symmetric manner (Yang et al. 2009). Given that the topographical 
arrangement of the barrel subfield of S1 is symmetric between hemispheres, we assessed 
whether interhemispheric symmetry of sensory input is required for normal callosal 
targeting. We compared the effects of cauterizing a similar number of whiskers in a 
symmetric versus an asymmetric manner on each side of the face at P3 (Figure 5A). 
These treatments resulted in disruption of the corresponding barrels contralateral to the 
lesion sites (Figures 4B-4D). Notably, symmetric bilateral cauterization of the upper (n = 7) 
or lower (n = 6) rows of whiskers did not alter the position or fluorescence intensity of the 
respective callosal S1/S2 projection (Figures 5C-5E, empty arrowheads, and Figure S5A-
S5B), and thus we pooled these conditions for further analysis. We next examined the 
difference between asymmetric and symmetric manipulations and found that while 
bilaterally asymmetric (n = 8) whisker cauterizations produced a disrupted S1/S2 callosal 
projection as compared to controls (n = 7; L1, L2/3 and L5/6, P < 0.01; Figure 5F, and 
Figure S5C and S5D), bilaterally symmetric cauterizations (n = 13) resulted in a significant 
rescue of S1/S2 callosal axons in all cortical layers, except L4, as compared with 
asymmetric treatments (percentage of control, P < 0.01; Figures 5F-5H, and Figure S5C 
and S5D). Thus, our results demonstrate that bilateral symmetry of cortical input during the 
critical period is required for the normal formation of callosal connections to the S1/S2 
border.  
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Figure 5: Spatial symmetry is required for S1/S2 callosal projection 
formation in partial bilateral cauterization.  
(A) Schematics showing the asymmetric, symmetric upper and symmetric lower patterns 
of whisker cauterization. (B-D) VGlut2 staining (red) demonstrates the pattern of intact 
(filled arrowheads) and disrupted (asterisks) barrels resulting from asymmetric (B), 
symmetric upper (C) and symmetric lower (D) cauterization conditions, respectively. The 
presence of S1/S2 callosal projections in the contralateral hemisphere (GFP, right panels) 
demonstrate the conserved position (C and D, empty arrowhead) and density of 
fluorescence (quantified in E) of both symmetric treatments. (E) Quantification of 
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normalized fluorescence (f/fwm) across layers of symmetric upper (n = 7, gray) and 
symmetric lower (n = 6, green) cauterization conditions did not differ significantly (see 
Figure S5B-S5D for details; mean +/- SEM). (F and G) Representative examples of the 
S1/S2 callosal projection in asymmetric and symmetric cauterization conditions, 
respectively. (H) Quantification of normalized fluorescence intensity across layers of 
asymmetric (n = 8), and symmetric (n = 13) conditions presented as a relative percentage 
of controls, showing a significant rescue of the symmetric condition as compared to 
asymmetric (n = 7; symmetric treatments pooled because they were not significantly 
different, see Supplemental Experimental Procedures and Figure S5 for details; mean +/- 
SEM). Student’s t test: **P < 0.01; Mann-Whitney U test: # #P < 0.01. Scale bars represent 
500 μm (B-D); 200 μm (F and G). See also Figure S5. 
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Discussion 
 The innervation and stabilization of callosal projections is critical for the normal 
development of the brain and its full repertoire of functions. However, the mechanisms 
regulating callosal axon targeting are poorly understood. Here we have uncovered a novel 
process guiding the interhemispheric targeting of developing axons. Our results 
demonstrate that a spatially symmetric balance of early cortical activity between 
hemispheres is necessary for normal callosal targeting.  
 A seemingly similar study examined the effect of silencing the visual cortex with 
Kir2.1 electroporations at E15.5 and P2 (Mizuno et al. 2010). In their study, the authors 
reported that unilateral, as well as bilateral, overexpression of Kir2.1 disrupted 
contralateral morphology of callosal axons labeled at P2 as compared to non-silenced 
cells. However, these differing results do not necessarily imply an inconsistency with our 
study for three main reasons. First, as opposed to the somatosensory system, the visual 
system is not fully decussated, therefore different mechanisms may affect callosal wiring in 
each system. Second, Mizuno et al., (2010) focused on analyzing the terminal morphology 
of single axons, whereas our study studied contralateral projections from the entire barrel 
field. Third, we labeled and/or silenced callosal neurons at E15.5, while Mizuno et al. 
(2010) analyzed neurons electroporated at P2, possibly labeling a population of neurons 
guided by different developmental mechanisms. 
 Interestingly, our findings reveal that only callosal projections to the S1/S2 border, 
and not those to S1 or the Ins/PRh region, rely on balanced bilateral activity for 
appropriate targeting. This suggests that the function of balanced interhemispheric activity 
in regulating axon development in this circuit is region- and context-specific. Moreover, it 
demonstrates that the development of distinct callosal projections arising from the same 
population of cells can be influenced by distinct factors. Although the functions of the 
S1/S2 and insular/perirhinal projections are not well understood, it is possible that their 
roles in brain processing relate to their different targeting mechanisms employed during 
development. For example, intact callosal connections to the S1/S2 region may be 
required for integrating lateralized somatosensory input (Shuler et al. 2001; Shuler et al. 
2002); therefore, it is possible that their development requires a balance of activity 
between brain areas that it will coordinate. The insular/perirhinal projection, on the other 
hand, has been poorly documented in the literature; although it is evident in classic tract-
tracer and axon degeneration studies (Wise and Jones 1976; Ivy and Killackey 1981), it 
has been neglected in studies using precise, layer-specific anterograde transport via in 
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utero electroporation (Mizuno et al. 2007; Wang et al. 2007; Mizuno et al. 2010; Courchet 
et al. 2013; Zhou et al. 2013). We speculate, however, that this projection may be involved 
in higher-order associative processing, possibly integrating functions from distinct cortical 
regions, and therefore may be insensitive to manipulations of a single sensory area. 
 Our results demonstrate that a spatial symmetry of sensory inputs is required for 
correct callosal development. This effect is not due to the disruption of inputs to any 
cortical region in particular, as the position and density of the S1/S2 projection was 
unchanged in bilaterally symmetric cauterizations of upper or lower rows of whiskers. 
Thus, the spatial symmetry of the manipulation holds more significance than the region of 
disruption. This result suggests that patterns of activity across the entire S1 (rather than on 
a cell-to-cell level) are a crucial regulator of callosal development. Future studies are 
required to fully understand this effect, however we speculate that symmetric patterns of 
cortical activity between S1 hemispheres are detected by callosal axons during their 
targeting phase, and that spatially asymmetric manipulations of the sensory periphery 
impedes this process by altering the bilateral symmetry of activity in each S1 region.  
 The present findings reveal a novel mechanism by which early neural activity might 
affect brain wiring. We have shown that callosal axon targeting does not depend 
exclusively on intrinsic cell activity, but rather on the relative contribution of activity 
between projecting cells and their target region. Seemingly similar scenarios have been 
demonstrated for a role of correlative activity between axon populations in axon targeting. 
For example, as axonal afferents from each eye converge on their targets, and the relative 
contribution of patterned activity from each eye determines the branching pattern, as well 
as formation of cortical cytoarchitectural features such as ocular dominance columns, in a 
competitive manner (Casagrande and Condo 1988; Penn et al. 1998; Huberman et al. 
2006; Fredj et al. 2010; Ackman et al. 2012; Zhang et al. 2012; Furman et al. 2013). Our 
study, however, reveals an entirely different process: rather than assessing the role of 
activity between axonal populations that compete for their targets, we have uncovered an 
instructive role of balanced activity between homologous regions in the development of 
their reciprocal connections. Furthermore, our data cannot be explained in the context of 
competition between thalamocortical and callosal axons, as we obtained similar results 
under conditions that disrupt the thalamic pathway (whisker cauterization) or leave it 
unaffected (Kir2.1 overexpression). Moreover, if thalamic axons were interacting 
competitively with callosal axons, then we would have expected an exuberance of callosal 
projections into the target region where thalamic input was disrupted, however we found 
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the opposite case (Figure S1C-S1E). Thus, a non-competitive interaction, possibly 
involving a Hebbian-like matching of activity between hemispheres, is likely to mediate the 
development of the S1/S2 callosal projection. 
 Precisely how an interhemispheric balance of activity may direct callosal targeting 
remains open for future investigation. During the revision of this manuscript, Huang et al. 
(2013) published results indicating that bilateral sensory input may direct target selection 
of callosal axons. While this finding supports out results, we additionally demonstrate that 
not only overall bilateral input, but also a spatial symmetry of thalamic input and bilateral 
cortical activity, are required for region-specific targeting of callosal axons. It has been 
previously shown that alteration of activity patterns can modulate growth cone responses 
to guidance cues (Ming et al. 2001; Hanson and Landmesser 2004; Nicol et al. 2007), as 
well as axon branch elaboration (Uesaka et al. 2005; Mizuno et al. 2010; Courchet et al. 
2013). Therefore, possible ways in which activity can regulate region-specific targeting of 
callosal projections may involve guidance decisions at the subplate and/or the branching 
and stabilization of arbors after innervating the cortical plate. Studies examining early 
postnatal cortical activity and axon guidance in vivo will be necessary to understand the 
processes underlying activity-dependent development of the corpus callosum. 
 In summary, we have demonstrated that a spatially symmetric interhemispheric 
balance of cortical activity during the first postnatal week is necessary for the correct 
targeting of callosal axons to the contralateral S1/S2 border. These results demonstrate a 
novel mechanism of axonal targeting and reveal an important principle governing the 
contralateral targeting of callosal axons. Moreover, they demonstrate that alterations in the 
patterns of sensory and cortically driven activity may have profound effects on 
commissural axon targeting with implications for understanding the etiology of brain wiring 
disorders. 
 
Experimental Procedures 
Animals and in utero electroporation.  
 All animal procedures were approved by The University of Queensland Animal 
Ethics Committee. Time-mated CD1 dams underwent abdominal surgery (1-2 cm) at 
E15.5 to expose the uterine horns, and each embryo was injected with 0.5 – 1 μL of 
plasmid DNA (see Supplemental Experimental Procedures for details) in the lateral 
ventricle using a pulled glass pipette attached to a picospritzer (Parker Hannifin). Five 100-
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ms pulses at 30 V were delivered to S1 using 3-mm paddle electrodes (Nepagene) and an 
ECM 830 electroporator (BTX Harvard Apparatus). The uterine horns were placed back 
and the dam was sutured and allowed to recover. Pups were screened and those with 
fluorescent patches appropriately placed over S1 received whisker cauterization under ice 
anesthesia at P3. At P10, pups were perfused transcardially with 0.9% NaCl followed by 
4% paraformaldehyde. 
 
Immunohistochemistry and microscopy.  
 Coronal slices (50 μm) were mounted on slides and incubated for 3 h in 5% v/v 
normal goat serum (NGS) and 0.2% Triton X-100 (TX100) in phosphate-buffered saline 
(PBS, pH 7.4), followed by overnight incubation in 3% NGS and 0.2% TX100 in PBS with 
primary antibodies: rabbit anti-GFP (1:500; Invitrogen), chicken anti-GFP (1:750; Abcam), 
rabbit anti-vGlut2 (1:750; Synaptic Systems), and/or rabbit anti-DsRed (1:750; Clontech). 
After PBS washes, sections were then incubated for 3 h with appropriate fluorescent 
secondary antibodies, stained with 0.1% DAPI (Invitrogen), washed, and coverslipped with 
ProLong Gold (Invitrogen). Only animals with cell bodies throughout L2/3 of S1 were 
selected for analysis (Figure S1N-S1Q and Supplemental Experimental Procedures) and 
included 2 – 3 sections per animal, spaced 200 μm apart, within the posteromedial barrel 
subfield. Images were obtained with an upright microscope (Axio Imager Z1, Zeiss) fitted 
with an AxioCam MRm camera, and captured with AxioVision software using MosaicZ 
and/or ApoTome deconvolution (Zeiss). Densitometric quantification of GFP-positive 
axons was performed using a custom MATLAB program (MathWorks), similar to previous 
studies (Mizuno et al. 2007; see Supplemental Experimental Procedures and Figure S1R 
for details). Synaptophysin-positive puncta were counted over 20-50 μm sections of at 
least 4 representative axonal segments expressing both synaptophysin-GFP and Myr-
tdTomato per animal. 
 
Electrophysiology 
 Animals were decapitated and their brains sectioned coronally at 300 μm and kept 
in oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid solution (ACSF, in mM: 118 
NaCl, 2.5 KCl, 25 NaHCO3, 10 glucose, 1.3 MgCl2, 2.5 CaCl2 and 1.2 NaH2PO4). Whole-
cell recordings were made from L2/3 cells of S1 of the electroporated hemisphere or the 
contralateral S1/S2 border. Only cells with a resting membrane potential more negative 
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than –55 mV were included in this study. For Kir2.1 experiments, I-V relationship was 
determined by injecting 10 mV steps (-110 – 10 mV) at a holding potential of -30 mV. For 
optogenetic stimulation of callosal terminals, 5-ms 470 nm light pulses were delivered to 
the S1/S2 border contralateral to the electroporated hemisphere using a LED system (pE-
2, CoolLed). An average of 10-15 light-evoked EPSCs (10 second inter-stimulation 
interval) was taken for evoked responses. The innervation rate was determined as the 
percentage of L2/3 neurons per slice that had evoked EPSCs to optical stimulation of 
callosal terminals over the number of investigated neurons (2-7 neurons per slice, 2-3 
slices per animal). Intrinsic firing properties were analyzed at current injections of two-fold 
threshold firing (see Supplemental Experimental Procedures for details).  
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Supplemental figures and information 
 
Figure S1. Effects of whisker cauterization on callosal projections. 
Related to Figure 1.  
(A) Densitometric line scans of normalized fluorescence intensity (f/fwm) across cortical 
layers and (B) bar graphs illustrating the differences between control, unilateral 
cauterization and bilateral cauterization conditions for the middle 50 μm of each cortical 
layer of the S1/S2 projection as determined with DAPI staining (gray area in A; mean +/- 
SEM). (C) Representative image of an S1/S2 projection upon cauterization of the whiskers 
that send thalamic afferents to the target hemisphere of labeled callosal cells (i.e. the non-
labeled hemisphere, unilat caut target, compare with Figure 1F). (D) Densitometric line 
scans of fluorescence intensity between controls and unilaterally cauterized to the target 
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hemisphere demonstrates that disrupting inputs to either the cell bodies or the target 
inhibits callosal targeting to the S1/S2 border (mean +/- SEM). (E) Quantification of 
normalized fluorescence intensity for the middle 50 μm of each layer for both treatments 
(mean +/- SEM). (F-J) Representative images (F-H) and quantification of S1/S2 
normalized fluorescence intensity (f/fwm; I and J) in P50 animals after no cauterization 
(control, n = 6), unilateral whisker cauterization (n = 7) or bilateral whisker cauterization (n 
= 4) performed at P3 demonstrates that the disruption and rescue of callosal targeting in 
unilaterally and bilaterally cauterized animals respectively persists into adulthood (mean 
+/- SEM). (K-M) Pictures of a P10 mouse unilaterally cauterized on the left whisker pad at 
P3 from the right, left and top sides. (N-P) Representative images of the density of L2/3 
cells expressing the cell-nucleus specific marker H2A-GFP via in utero electroporation at 
E15.5, in S1 of control, unilaterally cauterized and bilaterally cauterized animals. (Q) 
Quantification of cell number for each treatment within a 500 μm width region at the center 
of S1 show that the number of electroporated cell bodies did not differ between treatments. 
(R) Explanation of the method of normalized fluorescence intensity quantification (using a 
custom Matlab program) for a single S1/S2 callosal projection microphotograph. Student’s 
t test: *P < 0.05, **P < 0.01, ***P < 0.001; Mann-Whitney U test: # P < 0.05, # #P < 0.01. 
Scale bars represent 200 μm (C); 350 μm (F-H); 2.5mm (K-M); 100 μm (N-P).    
  130 
 
Figure S2: Quantification of normalized fluorescence of callosal 
projections to the S1 and Ins/PRh regions across whisker cauterization 
conditions. Related to Figure 2.  
(A) Densitometric line scans of normalized fluorescence intensity (f/fwm) of the S1 
projection across 800 μm of the cortex and a bar graph showing the average fluorescent 
intensities across that depth for control, unilaterally and bilaterally cauterized conditions 
(mean +/- SEM). (B) As above, but for callosal projections to the Ins/PRh region. No 
significant differences in callosal targeting were found between conditions in either S1 or 
Ins/Prh regions. 
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Figure S3. Types of postsynaptic cells in L2/3 of the S1/S2 border region 
of control animals as revealed by photostimulation of callosal terminals. 
Related to Figure 3.  
(A) Somatic current injection shows three types of neurons in layer 2/3 of control animals: 
intrinsically bursting and regular spiking pyramidal neurons, and fast spiking interneurons. 
Upper traces show the voltage response to an 800 ms current injection (lower traces). (B) 
Representative EPSCs evoked by photostimulation (blue bars) of callosal terminals in the 
three L2/3 neuronal subtypes. (C) Bar graph of average EPSCs of bursting (n = 5), regular 
spiking (n = 13) and fast spiking (n = 9) cells (mean +/- SEM). (D) Table of electrical 
properties of bursting (n = 7), regular spiking (n = 15) and fast spiking (n = 16) cells used 
to aid classification. We included bursting and regular spiking neurons collectively for 
analysis of whisker cauterizations (see text and Supplementary Experimental Procedures 
for details).
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Figure S4.  Quantification of normalized fluorescence of callosal 
projections under Kir2.1 manipulations. Related to Figure 4.  
(A) Densitometric line scans of normalized fluorescence intensity (f/fwm) across cortical 
layers and (B) bar graphs illustrating the differences between control, unilateral Kir2.1 
expression and bilateral Kir2.1 expression conditions for the middle 50 μm of each cortical 
layer of the S1/S2 border (gray area in A). (C) Fluorescence intensity quantification of 
callosal projections in the S1 region under different Kir2.1 manipulations and bar graph 
showing the average fluorescence of each condition across the entire cortical plate. (D) As 
for C, but in the Ins/PRh region. Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001..  
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Figure S5. Analysis of callosal projections across layers under 
symmetric and asymmetric patterns of whisker cauterization. Related to 
Figure 5.  
(A) Quantification of normalized fluorescence intensity (f/fwm) across cortical layers of the 
S1/S2 projection of symmetric upper and symmetric lower cauterization conditions (same 
as Figure 5E to compare with panel B here) and (B) bar graphs illustrating average values 
for the middle 50 μm of each cortical layer as determined with DAPI staining. (C) 
Densitometric line scans of normalized fluorescence intensity across cortical layers and 
(D) bar graphs illustrating the differences between control, asymmetric cauterization and 
symmetric cauterization conditions for each cortical layer (gray areas in A). Student’s t 
test: **P < 0.01, ***P < 0.001; Mann-Whitney U test: # #P < 0.01.  
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Supplemental Experimental Procedures 
 
Plasmid preparation.  
 For eYFP-only electroporations 1 μg/μL of pCAG-eYFP (a gift from T. Saito) was 
used. For Kir2.1 electroporations a mixture of 1.5 μg/μL pCAG-Kir2.1 (a gift from Y. 
Tagawa) and either 1 μg/μL pCAG-eYFP or 1 μg/μL pCAG-dsRed2 (addgene 15777) was 
used. For synaptophysin experiments we used a mixture of 1 μg/μL pCAG-AAV-DIO-
synaptophysin-GFP (a gift from M. Stryker), 1 μg/μL pCAG-H2B-GFP-2A-Myr-tdTomato (a 
gift from A. Kriegstein) and 0.5 μg/μL pCAG-Cre:GFP (addgene 13776). For 
channelrhodopsin-2 preparations we subcloned the pAAV-CaMKII-hChR2 (T159C)-eYFP-
WPRE plasmid (a gift from K. Deisseroth) into a pCAG-eYFP backbone and co-
electroporated it with pCAG-eYFP to enhance the eYFP signal at 1 μg/μL each. 
 
Cauterization and tissue fixation.  
 Depending on the experimental group, P3 pups were anesthetized with ice and 
underwent complete cauterization of their mystacial whiskers and follicles on one or both 
sides of the face (Thermal Cautery Unit, Geiger Medical Technologies), or partial 
cauterization including only the upper and/or lower whisker rows on each side of the face, 
in a symmetric or asymmetric manner. No animal that underwent this procedure exhibited 
any sign of whisker regrowth throughout the course of the experiment, reflecting that full 
follicle ablation had occurred. Animals were then returned to their mother and allowed to 
develop until P10 when they were anesthetized with 50 mg/kg (i.p.) sodium pentobarbitone 
(Virbac) and transcardially perfused with 0.9% saline solution followed by 4% 
paraformaldehyde.  
 
Electrophysiology 
 Animals were decapitated and their brains removed in an ice-cold cutting solution 
(in mM: 118 NaCl, 2.5 KCl, 25 NaHCO3, 10 glucose, 4 MgCl2, 0.5 CaCl2 and 1.2 
NaH2PO4). Coronal slices (300 μm) were stabilized at 35°C for 30 min in oxygenated (95% 
O2/5% CO2) artificial cerebrospinal fluid solution (ACSF, in mM: 118 NaCl, 2.5 KCl, 25 
NaHCO3, 10 glucose, 1.3 MgCl2, 2.5 CaCl2 and 1.2 NaH2PO4). Whole-cell recordings were 
made from L2/3 cells of S1 of the electroporated hemisphere or the contralateral S1/S2 
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border. Recording pipettes (3-7 MΩ) contained, in mM: 135 KMeSO4, 7 NaCl, 10 HEPES, 
2 Mg2ATP, 0.3 Na3GTP, and 0.3% biocytin (Sigma) at pH 7.3 and osmolarity ~290 
mOsm/kg. Signals were recorded with Multiclamp 700B (Molecular Devices), filtered at 10 
kHz and sampled at 20 kHz (ITC-16, Instrutech). All data was acquired, stored and 
analyzed using Axograph X (Axograph). Only cells with a resting membrane potential more 
negative than –55 mV were included in this study. Access resistance was held at 5-25 MΩ 
throughout the experiment. For Kir2.1 experiments, I-V relationship was determined by 
injecting 10 mV steps (-110 – 10 mV) at a holding potential of -30 mV. For optogenetic 
stimulation of callosal terminals, 5-ms 470 nm light pulses were delivered to the S1/S2 
border contralateral to the electroporated hemisphere using a LED system (pE-2, 
CoolLed). Maximal light output at 470 nm (2 mW) was used to record excitatory post-
synaptic potentials (EPSCs) and innervation rates. An average of 10-15 light-evoked 
EPSCs (10 second inter-stimulation interval) was taken for evoked responses. The 
innervation rate was determined as the percentage of L2/3 neurons per slice that had 
evoked EPSCs to optical stimulation of callosal terminals over the number of investigated 
neurons (2-7 neurons per slice, 2-3 slices per animal). Intrinsic firing properties were 
analyzed at current injections of two-fold threshold firing. Neurons were grouped into 
bursting, regular spiking and fast spiking neurons. Electrical properties and firing frequency 
were used to distinguished interneurons from pyramidal neurons. Intrinsically bursting 
neurons were distinguished from regular spiking neurons by a spike that followed 
immediately after the initial spike, leading to a reduction of the spike amplitude (amplitude 
of 2nd spike/ 1st spike < 0.97) and increased spike width at half amplitude (width at half 
amplitude of 2nd spike/ 1st spike > 1.5). The first two types were pooled for analysis (see 
Figure S3). mEPSCs were analyzed using automated mEPSC extraction with AxoGraph X 
by recording long voltage clamp traces filtered at 1 kHz. 
 
Image acquisition and analysis.  
 To ensure that any differences in contralateral projections were not caused by 
differing numbers of labeled cell bodies between treatments we counted the number of 
H2A-GFP-positive cells within a 500 μm width in the center of S1 using Fiji software and 
found there to be no significant difference between cauterization treatments (Figure S1N-
S1Q). The extent and density of cell body labeling was also not observed to be different 
between eYFP-electroporated cell bodies in P10 animals of all conditions presented here. 
All fluorescence images included in the analyses were acquired with an upright 
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microscope (Axio Imager Z1, Zeiss) fitted with an AxioCam MRm camera, and captured 
with AxioVision software (Zeiss). Images were acquired with MosaicZ (Zeiss), except for 
those of synaptophysin-GFP-positive puncta, which were acquired at 40x using z-stack 
flattening with ApoTome deconvolution (Zeiss). To quantify fluorescence densitometry of 
GFP-positive callosal projections, a custom program was developed in MATLAB 
(MathWorks). This program measured average fluorescence intensity over 200 linear bins 
of 400 μm width, centered at the vertical line of maximal fluorescence, across 800 μm of 
cortical depth from the pial surface (fluorescence intensity; f). All values were normalized 
by fluorescence intensity of the white matter directly underneath the region of interest 
(fluorescence of white matter; fwm). Analyses were performed on 2 – 3 sections per animal, 
spaced 200 μm apart and within the posteromedial barrel subfield identified by DAPI-
stained cytoarchitectural landmarks, i.e., the horizontal alignment of the hippocampal CA3 
region and dentate gyrus in the coronal plane (Paxinos et al., 2007) (see Figure S1R for 
an illustrated description). For inter-layer analysis, we compared a region comprising 50 
μm depth at the center of each layer as determined with DAPI staining. Otherwise, the 
entire 800 μm of cortical depth was averaged. Data were transformed to “Relative 
normalized fluorescence (% control)” by dividing each mean fluorescence intensity value 
for a single animal in the experimental groups by the average fluorescence of the entire 
control group for each comparable bin (i.e. at the same depth of the cortical plate). For 
analysis of the symmetric cauterization conditions, we pooled data from bilateral 
cauterizations of both upper and lower whisker rows, as these treatments did not result in 
a significant difference in fluorescence intensity in any layer (Student’s t test: P > 0.39). 
Data are presented as mean ± SEM. All analyses were performed by researchers blind to 
the experimental condition and statistical differences between two groups were determined 
using unpaired two-way Student’s t tests after a significant difference (P < 0.05) across 
groups (if more than two groups in one dataset) was found using a one-way ANOVA or 
their non-parametric counterparts (Mann Whitney U test and Kruskal-Wallis ANOVA, 
respectively) for appropriate data sets. 
 
Supplemental References 
Paxinos, G., Halliday, G., Watson, C., Koutcherov, Y., and Wang, H. (2007). Atlas of the 
Developing Mouse Brain: at E17.5, P0, and P6 (London: Elsevier).  
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4.3 Discussion 
  
4.3.1 Implications of the requirement of balanced activity for normal callosal targeting 
 These results suggest that a spatially-symmetric balance of sensory and/or 
endogenous cortical activity is required between the two hemispheres for the normal 
development of the corpus callosum. Another study published during this project also 
corroborated this result (Huang et al., 2013), cumulatively describing a novel regulatory 
mechanism for contralateral callosal targeting, and perhaps even a broad mechanism 
dictating long-range axonal connectivity between homotopic areas. It remains to be seen 
whether or not this mechanism exists for other callosal regions and/or connections, as well 
in the human brain. Further, it is unclear whether this balance would extend to different 
types of activity manipulations, such as complete thalamic ablation, or increasing neuronal 
excitability. The partial rescue in bilateral manipulations suggests that perhaps there are 
aspects of neuronal activity that are necessary for basic targeting, and other elements that 
require balanced activity. 
 
4.3.2 Regional-specificity in activity-dependent contralateral callosal targeting  
 The finding that only the S1/S2 projection and not the Ins/PRh or S1 projections are 
affected by manipulations of activity reveals the interesting prospect that callosal axons 
arising from the same primary cortical area may use different mechanisms to target 
contralaterally. Although the functions of the S1/S2 and insular/perirhinal projections are 
not well understood, it is possible that distinct roles in brain processing underlie different 
targeting mechanisms employed during development. For example, the S1/S2 projection is 
likely to be involved in the bilateral integration of somatosensory input (Shuler et al., 2001; 
Shuler et al., 2002); therefore, it is possible that its development requires a balance of 
activity between the regions that it will coordinate. The insular/perirhinal projection, on the 
other hand, has been poorly documented in the literature; although it is evident in classic 
tract-tracer and axon degeneration studies (Wise and Jones, 1976; Ivy and Killackey, 
1981), it has never before been described in studies using precise, layer-specific 
anterograde transport via in utero electroporation (Mizuno et al., 2007; Wang et al., 2007; 
Mizuno et al., 2010; Courchet et al., 2013; Zhou et al., 2013). However, it is possible that 
this projection may be involved in higher-order associative processing, possibly integrating 
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functions from distinct cortical regions, and therefore may be insensitive to manipulations 
in a single sensory area. 
 
4.3.3 How neuronal activity might confer changes in callosal wiring 
 Precisely how an interhemispheric balance of activity may direct callosal targeting 
remains open for future investigation. In the early postnatal brain, spontaneous and 
sensory-evoked waves of oscillatory activity propagate over cortical areas and between 
hemispheres (Garaschuk et al., 2000; Khazipov and Luhmann, 2006; Yang et al., 2009; 
Minlebaev et al., 2011; Khazipov et al., 2013). It has been previously shown that alteration 
of activity patterns can modulate growth cone responses to guidance cues (Ming et al., 
2001; Hanson and Landmesser, 2004; Nicol et al., 2007), as well as axon branch 
elaboration (Uesaka et al., 2005; Mizuno et al., 2010; Courchet et al., 2013). Indeed, some 
of these patterns can be altered in the postnatal animal by sensory-deprivation of the 
whiskers (Yang et al., 2009), making this a good candidate for further explorations of this 
phenomena. Possible ways in which activity patterns might regulate region-specific 
targeting of callosal projections may involve guidance decisions at the subplate and/or the 
branching and stabilisation of arbours after innervating the cortical plate. Studies 
examining early postnatal cortical activity and axon guidance in vivo will be necessary to 
understand the processes underlying activity-dependent development of the corpus 
callosum. 
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Chapter 5. Investigation of the molecular mechanisms underlying 
contralateral callosal targeting 
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5.1 Introduction 
 
Although it is known that neuronal activity (Mizuno et al., 2007; Wang et al., 2007; 
Mizuno et al., 2010; Huang et al., 2013; Suárez et al., 2014b) and axonal position within 
the tract (Zhou et al., 2013) are important determinants of contralateral callosal targeting, 
little is known about the molecular mechanisms that guide this process. One of the 
challenges of understanding the activity-dependence of contralateral callosal targeting is 
that screening for genes that are differently regulated in deafferented versus non-
deafferented animals would yield many known (and likely unknown) genes involved in 
processes such as thalamic innervation, barrel formation etc., which may not be relevant 
to callosal targeting. However, the differential callosal targeting under distinct 
manipulations of sensory activity described in chapter 4 (Suárez et al. 2014) presents a 
novel opportunity to search for a pattern of gene expression between conditions that may 
be more specific to the process of contralateral callosal targeting. 
In our developmental analysis of contralateral targeting (chapter 3) we observed 
distinct stages and periods of developmental exuberance. Given that the differences in 
callosal projection density upon manipulations of neuronal activity were not significant 
across all layers (Suárez et al., 2014b), it is possible that activity-dependent mechanisms 
only influence the arborisation/stabilisation stage of contralateral callosal targeting, and 
that other mechanisms guide earlier stages of innervation. Elucidating the molecular 
mechanisms underlying activity-dependent callosal targeting may therefore be possible 
with the use of our sensory deprivation paradigm. The first RNAseq experiment was 
therefore designed with the goal of comparing gene expression during contralateral 
callosal targeting (P7) between control, unilaterally cauterised and bilaterally cauterised 
animals. In this way, activity-dependent callosal genes that change along with S1/S2 
projection disruption could be isolated independent of other activity-dependent changes on 
cortical development. 
However, the unchanged morphology of other callosal projections (such as the 
Ins/PRh projection) labelled from the same population of neurons upon manipulations of 
neuronal activity (Suárez et al., 2014b) indicates that activity-independent mechanisms 
may also be relevant to callosal targeting. The genes regulating these mechanisms may 
be best screened between ages, as we do not have an experimental paradigm with which 
to isolate them. However we would expect a large number of genes to be differentially 
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regulated in the cortex between ages, thus a second RNAseq experiment on different ages 
with a method that allows RNA-extraction from more specific tissue was required.  
One method previously used to extract RNA from specific tissue is the translating 
ribosome affinity purification (TRAP) technique, which allows cell-specific extraction of 
ribosome-bound mRNA (Heiman et al., 2014). First developed in 2008 using bacterial 
artificial chromosome (BAC) mouse strains (Doyle et al., 2008; Heiman et al., 2008), TRAP 
involves cell-specific transfection of a gene transcribing ribosomal protein L10a (L10a) 
tagged to a GFP protein. These units then associate with ribosomes and thus (using a 
magnetic bead and GFP-antibody) the entire complex can be immunoprecipitated, 
including any mRNA transcripts that are bound to ribosomes at that time. By cloning this 
eGFP-L10a construct into a pCAG promoter backbone, we can electroporate it into the 
same cell populations studied in chapters 3 and 4, a method confirmed to be effective in 
the cerebellum after the inception of this technique for the purpose of this thesis (Yang et 
al., 2016). Importantly, this procedure also enables the isolated collection of mRNA from 
axons (Yoon et al., 2012). Localised axonal protein synthesis has only been described 
since the 1970s, and is still not fully understood (Jung et al., 2012; Jung et al., 2014; 
Kaplan et al., 2014; Kim and Jung, 2015). Axon guidance receptors (Brittis et al., 2002; 
Piper et al., 2005; Zivraj et al., 2010; Colak et al., 2013) and axon-maintenance proteins 
(Yoon et al., 2012) are among the variety of proteins that have been found to be translated 
locally in the axon and axon terminal, and the quantity of some gene transcripts are highly 
variable in axons during development, while remaining relatively constant in the soma 
(Zivraj et al., 2010). Thus, due to the long distance of callosal axons and the relatively 
short time-frame needed to respond to local cues and make path-finding decisions, local 
axon translation may be an important aspect of long-range axon pathfinding in 
contralateral callosal targeting. 
In order to better understand the mechanisms that underlie contralateral callosal 
targeting, two RNAseq experiments were designed. In the first, whole S1 cortices from 
animals that had been sensory deprived in different patterns were collected to identify the 
activity-dependent molecular mechanisms. In the second, TRAP was used to extract RNA 
specifically from callosal axons in different ages of mice in order to understand the activity-
independent mechanisms.  
  
  142 
5.2 Materials and methods 
 
5.2.1 Whole tissue S1 RNA collection 
 Pups were cauterised unilaterally, bilaterally or not at all at P2-3 (as per section 
2.2.2) and then at P7 decapitated and their brains quickly dissected and placed into 
Leibovitz’s L-15 media (Invitrogen). The brains were embedded in SeaPlaque® low-melt 
agarose gel (Lonza) and sectioned on a vibratome at 350 µm in Leibovitz’s L-15 media 
kept cold by application of dry ice to the outside of the buffer tray. Roughly the 10th or 11th 
section from the beginning of the olfactory bulbs (confirmed to be middle of S1 by 
morphology of hippocampi) was selected for microdissection of S1 from each hemisphere, 
after which the meninges were removed from each piece of cortex. Tissue was snap 
frozen in dry tubes and stored at -80ºC, then later defrosted in RNAlater-ICE 
(Thermofisher) immediately prior to RNA extraction. For RNA extraction, tissue was placed 
in 800 µL TRIzol reagent (Life Technologies), homogenised by pipetting and vortexing and 
incubated for 5 min at room temperature. Homogenate was centrifuged 12000 g for 10 min 
at 4ºC to pellet insoluble material and purify RNA in solution. The supernatant was 
pipetted into a clean tube and 0.2 volumes of ChC13 (Astral/Amresco) was added and 
incubated for 3 min at room temperature, after which it was centrifuged at 12000 g 15 min 
at 4ºC. The upper aqueous phase was pipetted carefully to a new tube, then a second 
TRIzol (0.5 volumes) and ChC13 (0.2 volumes) extraction was completed as above to 
improve purity. 1 volume of isopropanol, 0.1 volume 3M NaOAc pH 5.2 and 1/400 
GlycoBlue coprecipitant 15 mg/mL (ThermoFisher) were added and precipitated at -80ºC 
for one or more days. Following this, samples were centrifuged for 20 min at maximum 
speed 4ºC, then washed with 70% ethanol, centrifuged again for 5 min, then the 
supernatant was removed and the pellet was carefully air dried. The pellet was suspended 
in 87.5 µL RNAse free water and incubated at 55-60ºC for 10-15 min. Genomic DNA was 
removed by adding 10 µL Buffer RDD (QIAGEN) and 2.5 µL (30 U) DNase I stock solution 
(QIAGEN) and incubated at room temperature for 10 min, after which the samples were 
purified using an RNeasy MiniElute Cleanup kit (QIAGEN). The RNA was eluted in 50 µL 
of RNAse free water. 
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5.2.2 RNA sequencing, analysis and generation of candidate genes 
 RNA was quantified on a Qubit (Invitrogen) and quality-checked on a Bioanalyzer 
2100 (Agilent Technologies). RNA sequencing was performed by the Queensland Brain 
Institute sequencing facility on n = 2 animals per hemisphere (left and right) per condition 
(control, unilateral cauterisation and bilateral cauterisation). Before sequencing, cDNA 
libraries were prepared from the samples, specifically amplifying mRNA transcripts 
(TruSeq RNA library Prep Kit, Version 2; Illumina). Samples were sequenced on a HiSeq 
2000 (Illumina), 125bp paired end sequencing, version 4 flowcell. The RNAseq data was 
initially filtered using Cutadapt software package (version 1.8.1) to remove adaptor 
sequences. Transcript assembly and alignment were then performed against a mm10 
mouse reference genome using the Tophat software package (version 2.0.14), and 
differential gene expression was evaluated with the edgeR software package (version 
3.8.6; Bioconductor). Candidate genes were determined by examining trends in the data 
between conditions that mimicked the integrity of the S1/S2 projection as shown in chapter 
4, such as an increase/decrease in gene expression in both hemispheres of the unilateral 
cauterisation condition and little change between the control and bilateral cauterisation 
conditions (Figure 5.1). The list of candidate genes was further refined by general literature 
searches and the Database for Annotations, Visualization and Integrated Discovery 
(DAVID; (Huang et al., 2008, 2009)), focusing on genes previously shown to have roles in 
brain development, particularly axon growth/guidance/stabilisation, as well as known 
receptors and ligands. 
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Figure 5.1. Depiction of activity-dependent RNAseq experiment.  
Graphs show example patterns of relative transcript levels screened for and hypothesised 
to likely underlie the observed callosal axon morphology observed experimentally (Suárez 
et al., 2014b) 
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5.2.3 In situ hybridization 
 Digoxygenin-labelled (DIG RNA labelling Mix; Roche) antisense riboprobes were 
transcribed from cDNA plasmids, which were predominantly cloned from primer pairs from 
the Allen Brain Atlas website into the pGEMT backbone, as listed in Table 5.1. In addition, 
the riboprobe for Ntn1 was obtained from Prof. Helen Cooper, The University of 
Queensland, Australia, Nrp1 from Prof. David Ginty, Harvard University, USA and Slit1 
from Mark Tessier-Lavigne, Rockefeller University, USA. All in situ hybridizations were 
performed on tissue mounted on slides and in RNAse/DNAse free conditions. After post-
fixation on slides in 4% PFA for 10 min, slides were washed for 3 x 5 min in PBS, followed 
by permeabilisation with Proteinase K (Roche) in PBS for 10 min and another 3 x 5 min 
washes. Slides were then post-fixed in 4% PFA again for 5 min and washed 3 x 5 min in 
PBS. Following this, slides were incubated in acetylation solution of 1.33% triethanolamine 
(Sigma Aldrich), 0.02% hydrochloric acid (37%; LabScan) and 0.35% acetic anhydride 
(Ajax Finechem) in MilliQTM H2O for 10 min and then washed for 3 x 5 min in PBS. Slides 
were then prehybridized in 1 mL each of hybridization buffer (50% formamide (Sigma 
Aldrich), 5X pH 4.5 Standard Saline Citrate buffer (SSC; Invitrogen), 50μg/mL bakers’ 
yeast tRNA (Roche, 1% SDS (Sigma Aldrich), 10μg/mL heparin (Sigma Aldrich)) for 1 – 2 
hours at 68ºC. Next, 0.5 μg/mL of riboprobe was added to hybridization buffer and 
denatured for 5 min at 80ºC, then 1 mL was added to each slide and hybridized at 68ºC 
overnight. Next day, stringency washes were sequentially performed on all slides at 68ºC. 
The first wash consisted of 1% v/v SDS (Sigma Aldrich) and 50% v/v formamide in 1 x 
SSC for 20 min, the next with 2 x SSC for 20 min and finally with two 20 min washes each 
with 0.2 x SSC. Slides were washed at room temperature for 3 x 10 min with MABT (0.1M 
maleic anhydride (MP Biomedicals), 0.15M sodium chloride and 0.1% Tween in MilliQTM 
H2O). Slides were then blocked for 2 hrs in 10% v/v normal goat serum, 2% w/v blocking 
reagent (Roche) in MABT, after which anti-digoxigenin-AP (Roche) was diluted 1:4000 in 
the same blocking solution and reapplied to the slides for 2 hours at room temperature. 
Slides were then washed for 3 x 5 min in MABT and then incubated for 10 min in NTMT 
buffer (0.1M sodium chloride, 0.1M pH 9.5 Tris hydrochloride (Amresco), 0.05M 
magnesium dichloride (Ajax Finechem), 0.1% v/v Tween, 2mM imidazole hydrochloride 
(Sigma Aldrich) in MilliQTM H2O). BM Purple (Roche) was centrifuged to condense any 
precipitate and 1mL was added to each slide. Slides were light-protected and the colour 
reaction was monitored over 2 - 12 hrs. After appropriate staining had developed, slides 
were washed 3 x 5 min in PBS and slides were coverslipped with ProLong® Gold 
mounting media.  
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5.2.4 Quantification of in situ hybridization and immunohistochemical staining intensity 
 In situ hybridization images were converted to 8-bit grayscale and colour-inverted. 
For all staining intensity analyses, a 1200 μm x 400 μm region of S1/S2 in each 
hemisphere was cropped and then run through the plot profile function of ImageJ across 
the width of the cortex. These traces were then graphed (mean ± SEM) with at least n = 3 
per condition, and the staining and analysis were repeated subsequent times if any trends 
appeared interesting or significant. In these cases, the graphs presented are of a 
representative trial. 
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Table 5.1. Genes for which riboprobes were made and the primer pairs 
used to transcribe their template cDNA 
Gene Forward primer Reverse primer 
Acrv1 TGGATGTGCACTCTAACAAGGT TAACAGTGGTGAATGGAACAGG 
Cdh4 GATATCAATGACAACGCACCAC CTTTGTGTGCCTCTCCTTTTCT 
Celsr2 ACCCTGCCTTGACCACTAAGTA CCTTTGTGAGGTTGGGTAGAAG 
Cntn2 ATCTAGTGTCTGGGCAGGGTAA TTTATAGGCAGCTTCACCCCTA 
Crim1 TTTCTATAGAGTCACAGCCGCA GCCTGTTTATCTGCCTTTGTTC 
Dcc ATGGTGACCAAGAACAGAAGGT AATCACTGCTACAATCACCACG 
Draxin CAGGGAGGTTTAGGACAAACAG TGTAGGAGCTGAGGGAAAGAAG 
Ephb1 CAGTCGCTCCCCTTCAGA TGGCCACCAGAGACACAA 
Ephb2 TCATAAGGGAAGTGACGGTTCT CCCTTGGTGTATTGCCTAAGTC 
Islr2 ATTACGGTACTAAGGCGGGG CGACAAGTGTAGATGCCTGC 
Kdr CCATCAACAAAGCGGGAC TTCACAGCGCTCATCCAA 
Lrp1 GGTAGTTGTTTCCTCAACGCTC TGTTGCTGACTAACAACCTGCT 
P2rx2 GACGTGGAGGAATACGTAAAGC CTGGGAGTAGTGACTAGGTGGG 
Pcdh8 GGGAGATCATGCTTACTGGAGA CCCACTGAACTTCTCAGCTTCT 
Plxna1 GCCAAGTACAAGGACGAGATTC GAAAACCACTAGCAGCTCTTGC 
Plxnb2 CAAAGCAGATGACGTCAAGAAG GTATCAGCACGGTGAGGTTGTA 
Plxnd1 CCACTACAAGATACCTGAGGGC GTGAGAGATGTGGGGAAGAAAC 
Reln TCAGCTGGAGAAAATTAGAGCC CAAGCACTCAGTGTGGAGTAGG 
Rgma AGTCCCTCTCCCGTGGTC TGGGCTTAGTGTGTGCGA 
Rtn4rl1 AAGTGTGGACTGAGCGCC CCCTTCCTCTTGGGTCGT 
Sema3e GGAAGGGGCAGATGTCCT CATACTGGCCATCCTCCG 
Sema6c ACCTACCTGATGATGTCCTGCT GGAGGCAGGAAGGTAGTGTAGA 
Sema7a GCGTTTTCTCCAACCCCT GCAGCAGCTCCCAGTGTT 
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5.2.5 Cell culture  
 HEK293T cells were seeded onto poly-D-lysine coated coverslips for 
immunohistochemistry and directly into 24 well plates for Western blot experiments 24 
hours prior to transfection and maintained at 10% confluency for immunohistochemistry 
and 50% confluency for western blot experiments. Cells were maintained in DMEM (Life 
Tech) supplemented with 10% foetal bovine serum (SAFC Biosciences). Cells were 
transfected using FuGENE 6 reagent (Promega) with no plasmid control, pPB-GFP, or 
pPBCAG-eGFP-L10a.  
5.2.6 Cell immunohistochemistry 
 To validate antibody binding against the pPBCAG-eGFP-L10a construct, 
transfected cells, as well as GFP and non-transfected controls, were fixed with 4% PFA 
and 4% sucrose solution. Coverslips were blocked with a solution of 0.2% Triton X-100 
and 2% normal donkey serum in PBS for 30 min and then incubated for 2 hrs at room 
temperature in 1:1000 concentration of primary antibody (rabbit anti-GFP (A6455 
Invitrogen) or mouse anti-GFP 19C8 and 19F7, or no antibody control) in 0.2% Triton X-
100 and 2% normal donkey serum in PBS. After PBS washes, coverslips were incubated 
in fluorescent secondary antibodies donkey anti-rabbit or -mouse IgG Alexafluor 555. 
Coverslips were then washed in PBS, incubated in 1:1000 concentration of DAPI, washed 
again and coverslipped.  
5.2.7 Western blotting 
 Transfected HEK293T cells were lysed in Tween 20 lysis buffer (1M Tris, 0.5M 
EDTA, 5M NaCl, 50 x PIC (Roche) and 0.5% Tween in MilliQTM H2O). To validate that the 
newly cloned construct produced a protein of appropriate size and antibody affinity, cell 
lysate from cells transfected as above with no plasmid control, pPBCAG-eGFP or 
pPBCAG-eGFP-L10a were run on Western blot using XCell SureLock® Mini-Cell Blot 
Module (ThermoFisher), as per manufacturer’s instructions, and stained with rabbit anti-
GFP (A11122 Thermofisher) and 1:15000 IRDye 680LT donkey anti-rabbit IgG secondary 
antibody (P/N 925-68023; Li-Cor). To validate immunoprecipitation of the GFP-L10a 
protein by the custom antibodies, cell lysates from no plasmid control, pPBCAG-eGFP or 
pPBCAG-eGFP-L10a transfected cells were incubated with 10 µL protein G dynabeads 
along with 1 µg of either mouse anti-GFP19F7 or mouse anti-GFP19C8 antibodies or a no 
antibody control. These were incubated overnight at 4ºC, then washed on a magnetic rack 
with PBS. Following this, each sample was run on a Western blot and stained with rabbit 
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anti-GFP as above. Western blots were imaged using the Odyssey Classic infrared 
scanner (Li-Cor) and the Odyssey software (3.0.30; Li-Cor). 
5.2.8 TRAP RNA extraction 
 Protein G Dynabeads (Life Technologies) were washed with 3 x 500 µL IP wash 
buffer (0.15M KCl, 0.5mM DTT (Promega), 100 ng/mL cycloheximide (CHX; Sigma 
Aldrich), 20U/mL RNAsin (Promega)), by pipetting off supernatant after securing beads 
with magnet, and finally resuspended in 175 µL of IP wash buffer and 30mM 1,2-
Diheptanoyl-sn-Glycero-3-Phosphocholine (DHPC; Anatrace) was added. 50 µg each of 
two custom antibodies (mouse anti GFP 19F7 and mouse anti GFP 19C8) were added to 
the beads and incubated rotating for 2 hrs at room temperature. E15 embryos were 
electroporated in the right S1 with pPBCAG-eGFP-L10a and pCAG-tdTomato (tdTomato 
included only to visualise the patch; Table 2.2) or with pCAG-eYFP (procedural control). 
After birth, patches of live pups were checked (seen with tdTomato) and only litters that 
had at least 10 pups with appropriately sized and placed patches of comparable 
brightness were used in experiments. At ages P6, P9 and P12, pups were decapitated and 
their brains instantly dissected in a custom made dissection media (1xHBSS (Invitrogen), 
2.5 mM HEPES-KOH (pH 7.4), 35 mM Glucose, 4 mM NaHCO3, 100 ng/mL CHX). The 
olfactory bulbs and hindbrain were removed and the two hemispheres separated (see 
Figure 5.2 for illustration of TRAP procedure). For P6, 20 brains were collated into one 
sample for each hemisphere (left and right), and three samples were collected for each 
age. For P9 and P12, 10 of each hemisphere were collated into one sample, and three 
samples were collected for each age and hemisphere. 1 sample for each hemisphere 
(consisting of 20, 10 and 10 hemispheres for P6, P9 and P12 ages respectively) was 
collected from control brains that were electroporated with eYFP only, and these samples 
underwent the same processing steps as TRAP. After dissection, collated samples were 
placed in 2mL homogenisation buffer (10 mM HEPES-KOH (pH 7.4), 150 mM KCl, 5 mM 
MgCl2, Glucose, 0.5mM DTT, 1 x Complete Protease Inhibitor cocktail (Roche), 20 U/mL 
RNAsin, 100 ng/mL CHX in MilliQTM H2O). Tissue was homogenised with a sterile Teflon-
glass homogeniser. Lysate was centrifuged at 2000 g for 10 min at 4ºC, isolated, then 
combined with 0.1 volume 10% NP-40 (Roche) and 0.12 volume 300mM 1,2-Diheptanoyl-
sn-Glycero-3-Phosphocholine (DHPC; Anatrace), then incubated on ice for 5 min. Lysate 
was then centrifuged at 20000 g for 15 min at 4ºC. Next, the antibody-incubated beads 
were washed with 3 x 500 µL IP wash buffer and resuspended in 200 µL with 30 mM 
DHPC. The beads were added to 1800 µL isolated lysate mixture and incubated at 4ºC for 
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30 min with gentle agitation. Beads were then washed with 3 x 1 mL 0.35 M KCl IP wash 
buffer and finally resuspended in 200 µL. Each sample was then added to 600 µL TRIzol 
reagent and incubated at room temperature for 5 min, after which 160 µL ChC13/isoamyl 
alcohol was added, shaken, and incubated at room temperature for a further 5 min. 
Samples were then centrifuged at 3000 g for 30 min at 4ºC. The upper phase was pipetted 
off and the RNA precipitated by adding 0.1 volume 3M NaOAc pH 5.2, 1/400 GlycoBlue 
coprecipitant 15 mg/mL and 1 volume isopropanol and incubated for one or more days at -
80ºC. After this, samples were centrifuged at maximum speed for 20 min at 4ºC, the 
pellets were washed once with 70% EtOH and then air dried and suspended in 87.5 µL 
RNase free water. Genomic DNA was removed by adding 10 µL Buffer RDD and 2.5 µL 
(30 U) DNase I stock solution and incubated at room temperature for 10 min, after which 
the samples were purified using an RNeasy MiniElute Cleanup kit. The RNA was finally 
isolated in an elution of 14 µL of RNAse free water. 
5.2.9 qPCR 
 In order to assess the specificity of our immunoprecipitation protocol, real-time 
quantitative (q)PCR was performed on immunoprecipitated samples from each age group, 
as well as the unbound (control) solution removed before the beads were washed. 1 ng of 
RNA was reversed transcribed using SuperScript III First-Strand Synthesis System 
(Invitrogen) and random hexamer primers (Invitrogen) as per manufacturer’s instructions. 
20 µL reaction volume was used for each qPCR, using Platinum SYBR Green qPCR 
SuperMix (Invitrogen) as well as 0.25 µM forward and reverse primers, on a Rotor-Gene 
3000 (Corbett Life Science) with thermocycler conditions of 2 min at 50ºC, 10 min at 95ºC, 
then 45 cycles with 10 sec denaturation at 95ºC and 15 sec annealing at 53ºC and 20 sec 
extension at 72ºC. The ∆∆Ct method was used to determine relative expression with 
Hypoxanthine guanine phosphoribosyl transferase (Hprt) as a housekeeping gene. 
Primers used were GFP forward ACAAGCAGAAGAACGGCATC and GFP reverse 
ACTGGGTGCTCAGGTAGTGG, as well as Hprt forward GCAGTACAGCCCCAAAATGG 
and Hprt reverse AACAAAGTCTGGCCTGTATCCAA. 
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Figure 5.2. Procedure of electroporation-TRAP experiment.  
Example amounts of RNA found demonstrate that RNA can be precipitated from both the 
cell bodies (right hemisphere) and their axons (left hemisphere), and that the proportion of 
total RNA gathered is as expected from a sensitive protocol.  
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5.3 Results 
 
5.3.1 RNAseq of S1 in control, unilaterally and bilaterally cauterised mice and the 
generation of a candidate gene list 
 In order to identify changes in molecular expression associated with the activity-
dependent mechanisms involved in contralateral callosal targeting, an experimental 
paradigm was designed where S1 was dissected and its RNA sequenced from each 
hemisphere of P7 pups that had had their whisker pads cauterised either unilaterally, 
bilaterally, or not at all (see Figure 5.1 for illustration). This experimental design has the 
advantage of being able to screen for differences in mRNA levels between the different 
conditions that correspond to the morphological differences observed in the S1/S2 
projection. In this way, it may be possible to find mRNA transcripts that are involved in 
activity-dependent contralateral targeting in isolation to changes in mRNA transcripts due 
to other changes in the cortex after sensory deprivation. Once RNAseq was performed on 
S1 tissue dissected from each hemisphere of control, unilaterally or bilaterally cauterised 
animals, the results were analysed for any suggestive changes in gene expression. In 
particular, results were screened for patterns in which unilaterally cauterised tissue had 
significant increases or decreases in gene expression compared to bilaterally cauterised 
and control tissue. No striking candidates arose from this method. For example, when 
comparing unilaterally cauterised right hemispheres with bilaterally cauterised right 
hemispheres, no genes with more than 10 counts per million and a false discovery rate 
(FDR) < 0.05 had more than a log fold change (logFC)=1. Nevertheless, genes were 
compared by condition (both hemispheres and single hemispheres) and those with the 
most promising pattern of change between conditions, FDR, logFC and with a feasible 
counts per million were collated into a list. Additionally, candidates were also selected and 
further refined by literature searches and pathway analyses, with particular focus on 
known protein-coding genes expressed developmentally in the brain and axon 
guidance/stabilisation receptors and ligands. A final list of 27 candidate genes that may be 
involved in activity-dependent callosal targeting was generated, as listed in Table 5.2. 
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Table 5.2. List of candidate genes.  
Relevant functions synthesised from www.genecards.org 
 
ID Gene name Known functions 
Acvr1 Activin A receptor, type 1 Transmembrane receptor that transduces Bone 
morphogenetic protein (Bmp) signalling and is 
involved in nervous system development 
Cdh4 Cadherin 4 Calcium-dependent cell-cell adhesion 
glycoprotein involved in neuronal outgrowth  
Celsr2 Cadherin, EGF LAG 
seven-pass G-type 
receptor 2 
Transmembrane protein that is part of Flamingo 
subfamily and Cadherin superfamily that does 
not interact with Catenins. Thought to be 
receptor involved in contact-mediated 
communication during nervous system 
development 
Cntn2 Contactin 2 Cell adhesion molecule involved in axonal 
connections and nervous system development 
Crim1 Cysteine rich 
transmembrane BMP 
regulator 1 (chordin like) 
Transmembrane protein that likely plays a role 
in tissue development via members of the 
Transforming growth factor beta family. Has 
roles in nervous system development 
Dcc Deleted in colorectal 
carcinoma 
Transmembrane receptor that responds to Ntn1 
to mediate axon guidance processes, including 
aspects of corpus callosum development 
Draxin Dorsal inhibitory axon 
guidance protein 
Secreted molecule involved in neural 
commissure development, including aspects of 
callosal development, generally as a 
chemorepulsive cue 
Ephb1 Eph receptor B1 Receptor tyrosine kinase that binds EphrinB 
family ligands. Known to mediate axon guidance 
during nervous system development 
Ephb2 Eph receptor B2 Receptor tyrosine kinase involved in axon 
guidance of commissural axons, as well as 
retinal ganglion cells. Also regulates dendritic 
spine development and excitatory synapse 
formation 
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Islr2 Immunoglobulin 
superfamily containing 
leucine-rich repeat 2 
Involved in positive regulation of axon extension  
Kdr Kinase insert domain 
protein receptor 
Tyrosine-protein kinase that can act as a cell 
surface receptor and likely involved in aspects 
of neural development 
Lrp1 Low density lipoprotein 
receptor-related protein 1 
Involved in endocytosis and phagocytosis of 
apoptotic cells, neuronal calcium signalling and 
neuronal development 
Ngfr Nerve growth factor 
receptor (TNFR 
superfamily, member 16) 
Mediates trophic support and axon growth and 
guidance during neural development  
Nrp1 Neuropilin 1 Transmembrane receptor, may be involved in 
cell survival, migration and attraction. Binds 
members of the Sema family and mediates 
aspects of callosal development 
Ntn1 Netrin 1 Laminin-related secreted protein involved in 
axon guidance and cell migration. Ligand to Dcc 
and known to be involved in aspects of callosal 
development 
P2rx2 Purinergic receptor P2X, 
ligand-gated ion channel, 2 
Ligand gated ion channel that is a purinoceptor 
for ATP. Mediates synaptic transmission 
between neurons 
Pcdh8 Protocadherin 8 Membrane protein thought to function in cell 
adhesion in the central nervous system 
Plxna1 Plexin A1 Coreceptor for Sema family members, involved 
in axon guidance, growth and cell migration 
during neural development 
Plxnb2 Plexin B2 Transmembrane receptor involved in axon 
guidance and cell migration with Sema family 
members 
Plxnd1 Plexin D1 Cell surface receptor for Sema family members, 
involved in cell-cell signalling and specificity of 
synapse formation during neural development 
Reln Reelin Secreted protein that is involved in 
migration/positioning of neurons. Regulates 
dendrite and dendritic spine development 
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Rgma Repulsive guidance 
molecule family member A 
Axon guidance protein that is generally 
repulsive and also inhibits neurite 
outgrowth/cortical neuron branching 
Rtn4rl1 Reticulon 4 receptor-like 1 Membrane bound protein that may be involved 
in axonal plasticity in the adult nervous system 
Sema3e Sema domain, 
immunoglobulin domain 
(Ig), short basic domain, 
secreted, (semaphorin)3E 
Transmembrane protein that signals with Plxnd1 
to reorganise actin cytoskeleton usually with 
repellent consequences. Also ensures 
specificity of synapse formation 
Sema6c Sema domain, 
transmembrane domain 
(TM), and cytoplasmic 
domain, (semaphorin) 6C 
Transmembrane protein involved in growth cone 
collapse induction. Likely regulates maintenance 
and remodelling of connections in the nervous 
system 
Sema7a Sema domain, 
immunoglobulin domain 
(Ig), and GPI membrane 
anchor, (semaphorin) 7A 
Involved in axon growth in developing olfactory 
bulb, as well as in dendrite outgrowth and cell 
migration 
Slit1 Slit homolog 1  Involved in axon guidance in brain commissural 
systems, generally as a repellent cue, as well as 
in cell migration 
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5.3.2 In situ hybridization and immunohistochemical screening of candidate genes 
 Once the possible candidate genes had been selected, mRNA expression for each 
one was screened for any changes between conditions. In situ hybridization was chosen 
as the method for screening, as it would also provide information about global brain 
expression for each candidate, as well as provide the opportunity to distinguish differential 
expression between layers. Given the relatively low logFC between conditions for all 
candidates, it may be particularly important to be able to distinguish between layers, as the 
morphological rescue of the S1/S2 projection upon bilateral cauterisation was only 
statistically significant in L2/3 of the cortex (Suárez et al., 2014). Thus, riboprobes to each 
candidate gene were made and in situ hybridizations were performed on coronal sections 
at the level of S1 in P7 control, unilaterally cauterised (left whisker pad) and bilaterally 
cauterised tissue. The staining intensity was then measured and graphed across the 
thickness of the cortex. No reproducible trend was found for any of the candidate genes 
when comparing between cauterisation conditions (first column of graphs), nor between 
hemispheres of any condition corresponding to a cauterised whiskerpad versus and non-
cauterised whiskerpad (second column of graphs; Figures 5.3, 5.4, 5.5, 5.6). 
Immunohistochemical staining was also performed in cases where the riboprobe could not 
be made (Ngfr), or where the antibody was available. Immunohistochemistry was also 
performed against pERK and pMEK, which are activated Mitogen-activated protein 
kinases (Mapk) signalling effectors involved in a vast number of neuronal processes. No 
reproducible trend was found for any of these candidates at the protein level (Figure 5.7). 
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Figure 5.3. In situ hybridizations of candidate genes at P7 and graphs of 
chromogenic signal intensity across cortical layers (part 1).  
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Quantification is taken across the region of interest illustrated in the first panel for all 
hemispheres and brains. The left and right sides of each brain are also annotated in the 
first panel for all subsequent panels. Graphs are separated into both hemispheres of each 
experimental condition (first column) or all hemispheres corresponding to a cauterised 
whiskerpad versus a non-cauterised whiskerpad. n= 3 animals per cauterisation condition, 
2 hemispheres per animal. Line scans show mean ± SEM. Scale bar 1000 µm. 
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Figure 5.4. In situ hybridizations of candidate genes at P7 and graphs of 
chromogenic signal intensity across cortical layers (part 2). 
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Figure 5.5. In situ hybridizations of candidate genes at P7 and graphs of 
chromogenic signal intensity across cortical layers (part 3). 
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Figure 5.6. In situ hybridizations of candidate genes at P7 and graphs of 
chromogenic signal intensity across cortical layers (part 4). 
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Figure 5.7. Immunohistochemical staining for candidate genes at P7 and 
graphs of fluorescent signal intensity across cortical layers. 
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5.3.3 Validation of TRAP construct and procedure 
 Due to the inability to detect striking differences between conditions using the 
whole-cortex RNAseq approach, or by in situ hybridisation, as well as the fact that the 
experimental paradigm would not be sensitive to activity-independent molecular 
mechanisms that are involved in contralateral callosal targeting specifically, a different 
methodology to extract cell-specific RNA for sequencing was designed. To do this, the 
construct previously used in mutant mice for TRAP, eGFP-L10a, was cloned into the 
pCAG promoter, which is the most suitable vector for in utero electroporation (Figure 
5.8A). Western blots on cell lysates of HEK cells transfected with no plasmid control, GFP 
or eGFP-L10a revealed appropriate protein expression and size of the newly cloned 
construct (Figure 5.8B).  
 The construct was then further tested in vivo by in utero electroporation at E15 into 
S1. This revealed eGFP-L10a expression by L2/3 cells (Figure 5.8C). Importantly, the 
callosal axon tract and axons in the contralateral cortex also expressed the protein (5.8D 
and E), opening the opportunity for studying localised axonal translation in vivo within the 
corpus callosum, as well as the ability to conduct a more spatially-specific search for 
potential molecular mechanisms involved in contralateral callosal targeting. 
 Previous studies using TRAP in transgenic animals have employed two specific 
monoclonal GFP antibodies, 19C8 and 19F7, that result in improved GFP 
immunoprecipitation and therefore RNA yield (Heiman et al., 2014). In order to validate the 
ability of these antibodies to recognise the newly cloned construct, immunohistochemistry 
was performed on transfected HEK cells, using GFP transfected cells and a GFP 
polyclonal antibody as additional positive controls. Both the GFP polyclonal (first row) and 
the specific TRAP antibodies (second row) immunolabelled (red) both the GFP transfected 
cells, and the eGFP-L10a transfected cells, indicating that the newly-cloned construct has 
appropriate binding sites that can be recognised by the antibodies (Figure 5.9A). Next, to 
validate appropriate immunoprecipitation of the eGFP-L10a construct with the TRAP 
antibodies, we performed Dynabead immunoprecipitation on cell lysates transfected with 
no construct (negative control), GFP (positive control) or the eGFP-L10a construct using 
each of the two TRAP antibodies and then ran the resulting solution on a Western blot. 
Both antibodies showed immunoprecipitation of normal GFP and the eGFP-L10a 
constructs. The eGFP-L10a protein was also larger than the GFP, indicating that the L10a 
element indeed is fused to the GFP and is therefore likely to bind ribosomes and 
immunoprecipitate RNA in vivo.   
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Figure 5.8. Design and testing of the electroporated eGFP-L10a 
construct.  
(A) The design of the construct. (B) A Western blot (stained with rabbit-anti-GFP) of 
proteins isolated from HEK293T cell lysates transfected with no plasmid, GFP or 
pPBCAG-eGFP-L10a. (C) Cell bodies in the P9 primary somatosensory cortex revealed 
with fluorescence immunohistochemistry positive for GFP that were electroporated with 
pPBCAG-eGFP-L10a at E15.5. (D) An axon in the contralateral hemisphere of (D) positive 
for GFP. (E) P7 animal previously electroporated with pPBCAG-eGFP-L10a showing that 
the entire axon tract is positive for GFP, as revealed with DAB immunohistochemistry 
against rabbit-anti-GFP. Scale bars: C 250 µm; D 50 µm;  E 500 µm.  
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Figure 5.9. Validation of TRAP antibodies against pPBCAG-eGFP-L10a. 
 (A) GFP antibodies successfully immunolabelled (red) HEK cells (blue, DAPI) transfected 
with GFP and pPBCAG-eGFP-L10a (green). (B) A Western blot (stained with rabbit-anti-
GFP) showing that both the TRAP antibodies successfully immunoprecipitated both GFP 
and eGFP-L10a from transfected HEK cell lysate using a magnetic pull-down method. 
Scale bar: 20 µm. 
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5.3.4 Collection of tissue for tissue-specific RNA sequencing 
 Once the newly cloned eGFP-L10a construct was validated, litters of CD1 mice 
were electroporated in utero in S1 at E15 and collected at P6, P9 and P12. Samples were 
separated into right (cell bodies) and left (axons) hemispheres and three samples for each 
age, comprising 20, 10 and 10 hemispheres for ages P6, P9 and P12 respectively were 
collected, as well as one sample of GFP-only electroporated control, and three samples of 
P9 unilaterally cauterised animals. qPCR against GFP on samples from each age in the 
right hemisphere revealed a higher signal of GFP RNA in the immunoprecipitated sample 
than the unbound solution removed before the first dynabead wash (around 77-fold 
increase for P6, 90-fold increase for P9 and 19-fold increase for P12; n = 1 sample for 
each age, 3 technical replicates for P6 and P9, 2 for P12). Although P12 revealed a very 
large fold increase in the immunoprecipitated sample, the lower fold change compared to 
the other ages may reflect the larger amounts of GFP RNA at older ages (as the plasmid 
continues to be translated), which could saturate the volume of dynabeads/antibody and 
therefore result in higher GFP in the unbound sample. Taken together, given that only the 
electroporated neurons and axons would contain GFP RNA, this result indicates that the 
RNA from this population was specifically immunoprecipitated using this method. The 
samples were sent for RNA sequencing and at the time of thesis submission were not yet 
completed. 
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5.4 Discussion 
 
5.4.1 Activity-dependent callosal targeting may not involve broad changes in mRNA 
transcripts 
RNAseq of the entire S1 region was performed under different cauterisation 
conditions, but no single candidate gene, whether or not it was known to be involved in 
brain development processes, was altered in a clear and strongly significant pattern. Thus, 
It was subsequently hypothesised that layer-specific changes may be evident by in situ 
hybridization, however, no discernible expression changes were evident. These results 
suggest that the activity-dependence of contralateral callosal targeting may not involve 
broad changes in mRNA transcripts. A number of other processes, or a combination of 
them, may mediate this effect (Yu and Bargmann, 2001). First, it may be that activity-
dependent targeting is mediated by very small, local changes in mRNA levels of a sub-
population of cells or specifically within path-finding axons. In this scenario, the relevant 
changes in mRNA transcripts would likely not be larger than inter-sample variation, 
especially if the same mRNA transcripts were also involved in other processes within the 
cortex. It is this possibility that the electroporation-TRAP technique was designed to 
address.  
An alternative explanation is that cellular changes conferring differences in callosal 
targeting in response to sensory activity do not involve changes to mRNA transcripts but 
rather occur at the protein level. For instance, the presence of mRNA transcripts in tissue 
does not necessarily reflect their translation. Indeed, it has been shown that factors such 
as RNA binding proteins and microRNA targeting can alter translational efficiency of 
mRNA in both global-cellular and specific ways, for instance within a single synapse 
(Gebauer and Hentze, 2004). This means that the regulation of translational controllers 
could have a large impact on the protein levels within a cell, without necessarily altering its 
mRNA levels. 
Once translated, the trafficking of axon guidance receptors to the growth cone may 
also have a profound impact on axon guidance decisions, with relatively little change in 
mRNA expression. Indeed, commissural axons in the fly sequester the axon guidance 
receptor Robo to endosomes to control its high and low expression at the growth cone 
before and after midline crossing respectively, thus facilitating midline crossing (Kidd et al., 
1998; Georgiou and Tear, 2002; Keleman et al., 2002; Keleman et al., 2005). Similarly, the 
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L1 cell adhesion molecule (L1cam) is recycled to and from the plasma membrane via 
endocytosis, creating asymmetric distribution within the growth cone and allowing axonal 
adhesion and growth (Kamiguchi and Lemmon, 2000). This asymmetric intra-axonal 
patterning was later shown for multiple transmembrane proteins involved in axonal growth 
and guidance, many of which rely on endocytosis to achieve the appropriate distribution 
(Katsuki et al., 2009; Winckler and Mellman, 2010). 
In addition to changes in trafficking, there is also evidence that modifications to 
proteins may affect axon guidance. For instance, ubiquitination has been demonstrated to 
affect signalling and internalisation of multiple axon growth and guidance proteins, 
including TrkA (Geetha et al., 2005) and Neural cell adhesion molecule (Ncam) (Diestel et 
al., 2007). Protease activity can also change Ntn/Dcc mediated axonal outgrowth in vitro 
(Galko and Tessier-Lavigne, 2000), as well as EphrinA2 mediated axonal repulsion 
(Hattori et al., 2000). Further, it has been shown in C. elegans that heparin sulphate 
modifications are instructive for axon guidance choices (Bülow et al., 2008). 
Another intriguing possibility is that, even if all axon guidance genes and proteins 
are expressed and trafficked as normal, other factors, such as second messenger 
pathways, may also play a role in an axon’s response to their signalling. Indeed, electrical 
activity itself has previously been shown to dramatically modify or even reverse the growth 
cone response to Netrin 1(Ntn1), Myelin associated glycoprotein (Mag) and Sema 
guidance cues, likely mediated by cyclic nucleotides and calcium signalling (Ming et al., 
1997; Song et al., 1998; Hong et al., 2000; Zheng, 2000; Ming et al., 2001). These 
alterations in levels of cyclic nucleotides and therefore axon guidance can also be 
triggered by external factors such as the presence or absence of Laminin 1 in the growth 
substrate (Hopker et al., 1999). Given that we know neuronal activity is required for 
precise contralateral callosal targeting, it is possible that a mechanism related to calcium 
signalling may regulate the guidance of callosal axons.  
An understanding of the changes in protein levels during activity-dependent 
contralateral targeting could be achieved by a quantitative proteomic study in juvenile 
sensory-deprived and control mice, similar to one previously performed after whisker 
trimming in adult mice to investigate proteins involved in synaptogenesis (Butko et al., 
2013). However, it would be difficult to conduct a precise screen on changes in trafficking 
and post-translational modifications without already understanding which genes and 
proteins are required for contralateral callosal targeting. 
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The wide range of processes that could conceivably underlie the activity-dependent 
callosal targeting phenomena makes it difficult to design future experiments that would 
reveal the mechanism. The ongoing TRAP experiment may help by narrowing down 
candidate gene mRNA expressed only in callosal axons, which can be compared to 
cauterised animals. However, if indeed levels of mRNA are unchanged in this process for 
any of the reasons listed above, this method would still allow identification of genes and 
pathways that are highly expressed in the axons at different ages/stages of targeting. 
Thus, even if no difference in mRNA is detectable between ages and conditions, this 
method will give insight into the genes being expressed specifically within the callosal 
tissue at the age of targeting, which could be built upon subsequently. The importance of 
these genes in contralateral callosal targeting could be assessed in an experimental 
procedure illustrated in Figure 5.10, where shRNA and/or overexpression constructs could 
be electroporated into the somatosensory cortex and callosal axons examined for axon 
growth/targeting/stabilisation defects at different developmental stages. The constructs 
could also be expressed in a drug-inducible fashion to examine the role of candidate 
genes independent of their prior functions in development. Subsequent to this, genes that 
are likely to be important in contralateral targeting could be further investigated with in vitro 
and in vivo experiments to examine their trafficking, post-translational modifications, 
response to electrical activity etc. In this way, the activity-dependent and –independent 
mechanisms underlying contralateral callosal targeting could be more completely 
elucidated.  
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Figure 5.10. Example of experimental plan for collection of samples 
using TRAP and experimental confirmation of candidate genes 
identified.  
Both left and right hemispheres were collected from three ages of mice previously 
electroporated with pCAG-eGFP-L10a in one hemisphere at E15.5, with a particular 
interest in the results of the axon-only hemisphere (outlined). TRAP was performed on the 
samples and their electroporated tissue-specific RNA transcripts are currently being 
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sequenced. Once this is completed, a candidate gene list will be compiled based on levels 
of transcripts, differences between ages and known biological roles. Overexpression 
and/or knockdown constructs for candidate genes will be made and electroporated into the 
same population of cells at E15.5, and examined at relevant ages (dependent upon when 
and how candidate gene is expressed). Brains will be screened for disrupted callosal 
targeting (red axons) in age-dependent processes, as compared to normal axons (green).  
  172 
 
 
 
 
 
 
 
 
 
 
Chapter 6. General discussion 
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Overview 
  
 The corpus callosum is the largest bundle of connections in the human brain, which 
spans the cortical hemispheres and undergoes a complex sequence of developmental 
events. However, contralateral callosal targeting, where axons locate their specific 
synaptic targets in their final stage of development, is poorly understood, and potentially 
involved in numerous human neurodevelopmental pathologies.  
 The goal of this thesis was to better understand the process of and mechanisms 
regulating contralateral callosal targeting. The main findings of this research include: (1) 
homotopic and heterotopic callosal projections arise from distinct neuronal populations in 
S1, and undergo two region- and layer- specific stages of developmental exuberance that 
are differentially affected upon manipulation of sensory activity (chapter 3); (2) a spatially 
symmetric balance of cortical activity is required for functionally and morphologically 
correct contralateral callosal targeting (chapter 4); and (3)  broad changes in mRNA levels 
may not underlie activity-dependent contralateral callosal targeting (chapter 5). Taken 
together, these findings provide an updated understanding of how contralateral callosal 
targeting occurs and some of the mechanisms that regulate it. Further, this thesis 
establishes a solid foundation and experimental system for future studies to elucidate the 
precise role of contralateral callosal targeting in health and disease. 
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6.1 A new model of homotopic versus heterotopic callosal targeting 
  
 This thesis describes two distinct dense contralateral projections arising from S1: 
one homotopically targeting the S1/S2 border and the other heterotopically targeting the 
Ins/PRh cortex. These two projections arise from distinct neuronal populations and are 
differentially affected by manipulations of neuronal activity. This indicates that they are 
regulated by different developmental mechanisms and provides a new model for 
investigations of homotopic vs. heterotopic callosal targeting. However, despite the 
growing number of investigations into the factors affecting the development of the S1 
callosal projection, the function of these projections in a normal animal remains unclear. A 
morphologically similar projection to S1/S2 has been found spanning the border of V1 and 
V2 in the visual system of a wide range of mammals including cats (Choudhury et al., 
1965; Hubel and Wiesel, 1967; Berlucchi and Rizzolatti, 1968), rhesus monkeys (Zeki, 
1978) and rodents, and appears to be necessary for binocularity of cortical neurons in 
rodents (Diao et al., 1983). The callosal projections targeting the V1/V2 border also 
spatially overlap with the topographical cortical representation of the sensory vertical 
meridian/midline. Thus it has been suggested that these projections are responsible for 
connecting the two hemirepresentations of the visual fields at the perceptual midline 
(Choudhury et al., 1965).  
 Callosal projections of the somatosensory system are also generally restricted to 
cortical regions representing the body midline, whilst there is a relative paucity of callosal 
axon presence in regions representing unilaterally confined structures (such as the distal 
extremities) in rats (Wise and Jones, 1976), mice (Yorke and Caviness, 1975), cats (Ebner 
and Myers, 1965; Jones and Powell, 1968; Caminiti et al., 1979; Manzoni et al., 1980), 
raccoons (Ebner and Myers, 1965) and rhesus monkeys (Jones and Powell, 1969; Pandya 
and Vignolo, 1969). S1 neurons have also been shown to have bilateral receptive fields in 
somatosensory midline cortical representations of monkeys (Schwarz and Fredrickson, 
1971; Dreyer et al., 1975; Conti et al., 1986; Manzoni et al., 1989; Ogawa et al., 1989) and 
cats (Manzoni et al., 1980). However, bilaterally receptive neurons have also been found 
in regions that do not represent the body midline (such as the distal extremities), indicating 
a differing or additional role for the corpus callosum in bilateral integration underlying 
coordinated sensation and responses (Iwamura, 2000). Investigations of the rodent 
whisker system have shown that S1 neurons can respond to ipsilateral whisker 
stimulation, likely via communication with the contralateral hemisphere through the corpus 
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callosum (Pidoux and Verley, 1979). Further, single S1 neurons respond to both ipsilateral 
and bilateral whisker stimulation, suggesting that these neurons may have a bilaterally 
integrative role (Shuler et al., 2001; Manns et al., 2004; Wiest et al., 2005). If activity in the 
contralateral hemisphere is silenced, individual S1 neurons show a suppressed response 
(Shin et al., 1997; Rema and Ebner, 2003), indicating that normal neuronal functioning 
involves bilateral activity. Therefore, within the rodent whisker system, whilst there is a 
density of callosal projections in the S1/S2 border region (Wang et al., 2007) traditionally 
thought to indicate a role for perceptual midline fusion, it is likely that callosal projections 
primarily/additionally take part in bilateral integration of unilateral S1 information. 
 As the S1 to Ins/PRh callosal projection has only been recently described (Suárez 
et al., 2014b), very little is known about its function. The Ins/PRh cortex itself is involved in 
a wide variety of functions, including visceral, gustatory, somatomotor, vestibular, limbic 
integration, motor integration and higher order functions such as language (Nieuwenhuys, 
2012). Thus, it is tempting to speculate that the S1 to Ins/PRh may be involved in 
associative processing, possibly integrating functions from distinct cortical regions. Such a 
scenario may explain why the Ins/PRh projection is insensitive to manipulations of one 
domain of peripheral sensory input during development. 
 Regardless of the function of these two callosal projections, it is clear that they arise 
from distinct neuronal populations and are under different developmental regulation. 
Future studies investigating the molecular profiles of these distinct neuronal populations 
may aid our understanding of the function and development of each projection. If these 
projections do indeed arise from molecularly distinct populations, it may then be possible 
to selectively manipulate them to examine their function/behavioural correlate/s. Further 
clues as to the function of each projection may be gained from an electrophysiological 
characterisation of the neuronal population innervated by the Ins/PRh projection with 
channelrhodopsin mapping and compare it to the S1/S2 projection connections, which 
have already been described in this thesis and elsewhere (Petreanu et al., 2007; Suárez et 
al., 2014b). In this way, a clearer understanding of the distinct molecular, developmental, 
and functional features of the homotopic and heterotopic S1 callosal projections may be 
gained in the future. 
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6.2 A unified model of contralateral callosal axon targeting, 
exuberance and pruning in the rodent 
  
 This thesis has demonstrated that there are two distinct periods of developmental 
exuberance during contralateral callosal targeting: one in L6 at P7 and one in the 
arborisation layers 2/3 and 5 at P10. While the former period of exuberance exists across 
the cortex, the latter is prominent in the dense callosal regions. This finding provides an 
updated and unified model of developmental contralateral callosal targeting, exuberance 
and pruning, where axons exuberantly innervate L6, likely searching for guidance cues, 
then specifically invade appropriate cortical regions, where a second exuberance occurs at 
P10, possibly due to local arborisation, in regions that remain callosal into adulthood. 
These results may explain some of the disparate prior studies, which might have only 
captured one of these periods of exuberance and thus created seemingly contradictory 
findings within and between model systems.  
 The result showing that only the second stage of contralateral callosal targeting is 
affected by manipulations of sensory activity also indicates that P7-P10 is the stage that is 
regulated by neuronal activity. The result in chapter 4 that balanced disruption of neuronal 
activity results in only a partial rescue of S1/S2 projection morphology suggests that 
neuronal activity controls multiple processes of contralateral targeting. For example, 
disrupting the activity of callosal neurons (regardless of balance) might affect some aspect 
of axonal outgrowth/survival, whereas balanced activity might regulate other processes, 
such as local innervation and branching. It is difficult to separate these differences with 
dense neuronal labelling, as compact axonal tracts may not show subtle changes in axon 
number, and changes in the number of axons innervating the cortex would be best 
quantified in arborisation layers where changes are greatest. Future studies using sparse 
labelling in conjunction with live axon imaging may shed further light on the dynamic 
process of axonal innervation, branching and stabilisation, as well as which of these are 
affected by different manipulations of neuronal activity. The role of the subplate during L6 
exuberance at P7 is also an interesting question for future research. Thalamocortical 
axons have been shown to interact with subplate neurons, which is thought to be important 
for subsequent cortical plate innervation (Zhou et al., 1999; López-Bendito and Molnár, 
2003). Whether or not a similar process also occurs during callosal development could be 
investigated with circuit mapping, to understand if and how axons make transient synaptic 
connections with subplate neurons, followed by disruption of these connections to assess 
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functional outcome of callosal targeting. These fundamental questions of appropriate 
callosal development need to be answered if the mechanisms contributing to mistargeting 
are to be fully elucidated. 
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6.3 The implications of balanced activity as a requirement for human 
callosal development 
  
 Although this thesis shows that altering peripheral input in balanced or unbalanced 
ways can differentially affect callosal development, it is interesting to consider whether or 
not such a mechanism can cause variation during normal development. Interestingly, it 
was recently shown that offspring from naturally variable parental rearing styles in prairie 
voles (high contact and low contact) show differences in S1 connections, including a 
broader distribution and higher number of callosal connections in low contact offspring 
than in high contact offspring (Seelke et al., 2016). Similarly, developmental contingencies 
that animals face in their natural environment are known to shape the brain, resulting in a 
diversity of connections within and between the cortical hemispheres (Krubitzer et al., 
2011). Therefore, it is likely that environmental variations in aspects of natural 
development result in altered cortical connections, and future studies investigating the role 
of balanced cortical activity in biological behaviours that shape circuitry may shed further 
light on this phenomenon. 
 The discovery that region-specific contralateral callosal targeting in mice relies on a 
balance of interhemispheric cortical activity (Huang et al., 2013; Suárez et al., 2014b) 
raises the possibility that callosal defects in humans could also be related to abnormal 
brain symmetry. Interestingly, gross morphological (Hynd et al., 1990; Sommer et al., 
2001; Herbert et al., 2005) and functional (Oertel-Knochel and Linden, 2011; Philip et al., 
2012; Hale et al., 2014) abnormalities in hemispheric symmetry have been observed in a 
number of disorders where callosal size and/or organisation are subtly affected, such as 
autism, ADHD, developmental language disorder and schizophrenia. Further, in 
developmental language disorder, the callosal abnormalities are greatest in those regions 
that have significantly altered morphological symmetry compared to controls (Herbert et 
al., 2005), while schizophrenic patients display a correlation between the degree of 
structurally abnormal brain symmetry and callosal axon number (Chance et al., 2008).  
 Although these data suggest a relationship between altered symmetry and callosal 
integrity, whether cortical changes underlie the callosal alterations or vice versa, as well as 
the mechanistic and functional implications of each case, remains to be determined. 
Future studies investigating these questions using fMRI (Schopf et al., 2012) and/or dMRI-
based tractography (Ouyang et al., 2015) in human foetal and infant brains at-risk for 
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these disorders may better elucidate the early differences in structure and/or activity, as 
well as any causal relationship between the two, that result in an altered adult neurological 
outcome. Examinations of the fine callosal organisation with dMRI scans of participants 
with early-infant epilepsies and early unilateral versus bilateral sensory disturbances may 
also be informative, as it is possible that altered early activity patterns in humans could 
affect contralateral callosal targeting.  
 This research would benefit from complementary studies into the precise timing of 
callosal targeting in humans with modern techniques, including the final innervation of 
axons, exuberance, as well as the end of the period of stabilisation. In this way, potential 
therapeutic strategies for manipulating contralateral callosal targeting may be devised for 
humans with subtle disorders of intercortical connectivity. 
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6.4 Ongoing investigations into molecular mechanisms driving 
contralateral callosal targeting 
  
 As discussed in chapter 1, previous investigations knocking down genes at E15.5 
by in utero electroporation, and examining contralateral callosal projection morphology 
have been difficult to interpret. This is partly because many of these have found (or have 
not ruled out) deficits in preceding processes, such as cell migration, specification, axonal 
outgrowth etc. Future studies that aim to examine the role of molecular candidates in 
contralateral callosal targeting would benefit from a complete analysis of cell position and 
specification, callosal tract size and axon number, position and extent of contralateral 
cortical innervation as well as branching, stabilisation and retraction. As discussed in 6.3, 
some of these parameters are difficult to study in isolation without variegated labelling and 
live axon imaging. Now that the homotopic and heterotopic callosal projections arising 
from S1 electroporation have been described, including their differential response to 
manipulations of neuronal activity, this may also be used to gain information about 
knockdown/overexpression experiments. For instance, comparison of morphological 
disruption between the two projections may distinguish isolated versus general 
contralateral targeting defects, as well as indicating involvement in the activity-dependent 
pathway by phenocopying the result of sensory deprivation. In addition to this, drug 
inducible constructs would allow electroporation of a callosal population that develops 
normally until drug delivery (after midline crossing) and subsequent analysis of the effects 
of genetic manipulation of contralateral targeting in isolation of preceding processes. 
 The molecular candidates that might be tested in these experiments may come 
from the experiments discussed in chapter 5, as well as well-known axon guidance 
molecules. These may include molecules known to be involved in midline callosal 
guidance, as duplication of these cues may partly explain why contralateral callosal 
targeting defects have not been described in knockout animals of guidance factors. Once 
completed, the TRAP experiment may yield more specific molecular candidates, as it will 
allow a view of callosal axon-specific mRNA transcripts particular to different time points 
and cauterisation conditions. This, along with in vivo and in vitro analyses of subcellular 
protein localisation, second messenger pathways etc., may help to understand the activity-
dependent and -independent mechanisms that collectively regulate contralateral callosal 
targeting.  
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Summary 
  
 In conclusion, this thesis provides new understanding of the normal process of 
contralateral callosal targeting, as well as some of the factors that regulate this process. 
Specifically, this work has established a model of homotopic and heterotopic callosal 
targeting, as well as precisely describing the developmental processes that form each 
projection. The role of interhemispheric activity in callosal targeting has also been 
described in detail, and a foundation for studies of the molecular mechanisms in this 
process has been established. This research will provide a basis for future studies to 
investigate the process and significance of contralateral callosal targeting in human health 
and disease, potentially providing novel insights into and therapeutic opportunities for 
disorders of brain connectivity. 
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